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General introduction
1.1 Introduction
For scientists the living cell represents an amazingly intricate structure of which the 
elucidation of the underlying biochemical mechanisms, has tremendously progressed the 
past century and is expected to do so for many decades to come. For chemists in particular, 
the cell represents the realization of what is the ultimate control over chemical reactivity 
both in space and time. It is nowadays realized that the cell not only is unequaled with 
regard to the chemical reactions it carries out, but also with respect to how these reactions 
are related to the cell architecture. It is this cellular organization which occurs at the 
nanoscale level that creates the state of being alive.1
Obviously the cell as a single entity does not exist, but it can be defined by listing its 
common properties. The first and foremost defining feature is the cellular membrane. It 
allows the cell to exchange molecules with its environment in a controlled manner and 
protects it from outside intervention. Not only does the cell use membrane delineated 
compartments to shield it from the outside world it also uses these compartments to 
separate internal incompatible processes. The acidic lysosome, which degrades ingested 
macromolecules and particulates is a clear example. The existence of a membrane also 
allows the cell to organize enzymes into nanoscale assembly lines, along which the 
processing of molecular building blocks occurs by cascade catalysis. The product of an 
enzymatic step serves as the substrate for the next enzyme and so forth, until the synthesis 
is complete.2 This is in contrast to contemporary organic synthesis in which a compound is 
prepared by a multiple step process, involving catalytic and stochiometric steps including the 
purification and isolation of the intermediate products.3
The superiority of cellular biosynthesis is partly the result of the efficiency and high 
selectivity of enzymes towards their natural substrates.4 Chemists have already successfully 
employed this synthetic power to convert non-natural substrates into synthetically relevant
5
Chapter 1 |
products. This is possible because of the substrate promiscuity of many enzymes and by 
harnessing the power of evolution by genetic engineering, in order to optimize the enzyme 
for a specific reaction. As such, enzymes are nowadays used in industry for the synthesis of 
numerous fine chemicals. Especially when it comes to selectivity (enantioselectivity, by­
products) the enzyme catalysed synthesis of chemicals is superior to chemo-catalyzed 
reactions or stoichiometric synthesis.
The structure of enzymes, however, is mostly stabilized by hydrogen bonding and 
hydrophobic interactions. As a result the 3D structure is easily distorted upon changes in the 
physical environment, rendering them inactive. For use in applications such as biocatalysis, 
enzymes are therefore often immobilized onto a carrier. For instance, Candida antarctica 
lipase B (CALB) is commercially available as the free protein but also as the product 
immobilized onto a macroporous acrylic resin (Novozyme® 435) or as a cross-linked enzyme 
aggregate (CLEA). Although favorable for recycling and stabilization, immobilization of 
enzymes generally leads to activity loss. This is a result of either the blocking of the active 
site of a fraction of the immobilized enzyme, as immobilization often occurs in a non-specific 
fashion, or due to the partial unfolding of the active conformation of the enzyme as a result 
of absorption to the surface. A third drawback of immobilization is diffusion limitation, which 
can occur if the particle is relatively large and substrate is preferentially consumed by 
enzymes located at the periphery of the particle, making that the enzymes in the interior do 
not contribute to the reaction. Given these limitations, an attractive alternative for 
immobilization seems to involve the encapsulation of enzymes into capsules that posses a 
semi-permeable wall, allowing the exchange of substrates and products. Such an approach 
offers an elegant way of fixing the enzyme to the particle, without having to resort to 
covalent attachment. If these vesicles are small enough in size and sufficiently permeable, 
diffusion limitations should not present a problem. Furthermore, the use of such capsules 
will allow the realization of enzymatic cascade reactions and allow biocatalysis to be 
combined with inorganic and chemo catalysis in one-pot, opening new possibilities to 
explore previously incompatible reaction cascades.
1.2 Biomembrane mimics
Indeed, compartmentalization of enzymes into architectures that mimic the cell is a useful 
concept and chemists have tried for decades to mimic these closed structures in a controlled 
manner. These synthetic mimics can be used as models to better understand the living cell 
itself, and can also be applied as vehicles for the controlled delivery of drugs or biomedical
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applications, such as in-vivo diagnostics.3 Traditionally, liposomes have been used for these 
purposes but novel approaches have emerged as well, e.g., micro- and nanocontainers 
obtained by layer-by-layer (LbL) techniques, viruses, and polymersomes. This development is 
fuelled by the continuous progress in polymer synthesis and the design of functional 
materials by bottom-up assembly.5 Some of these novel systems combine porosity to small 
organic substrates with the ability to retain enzymes. An interesting application may 
therefore be their use as carriers in biocatalysis. Surprisingly, however, only limited 
information is available in the literature about the applicability of nanocapsules as enzyme 
carriers in biocatalysis, i.e., information beyond that of demonstrating the mere possibility of 
immobilizing the enzymes. Important parameters, such as the remaining enzymatic activity, 
the actual amount of immobilized enzyme, reaction kinetics and recyclability of the system 
have not yet extensively been tested. More demanding, synthetically interesting substrates 
for which the use of enzymes in their conversion may be beneficial have not been reported.
Only very recently, some steps in this direction have been taken. In the case of Layer- 
by-layer capsules (for details, see Chapter 2), a study was reported in which various 
synthetically useful biocatalysts were tested for the conversion of several test substrates. 
Four enzymes were studied with respect to their performance, i.e., Candida antarctica lipase 
(CALB), the esterase from Bacillus coagulans (BCE), benzaldehyde lyase from Pseudomonas 
fluorescens (BAL), and alcohol dehydrogenase from Lactobacillus brevis (LBADH). Except for 
CALB the results obtained with the other enzymes revealed a serious decrease ( > 90 %) of 
the catalytic performance, with LBADH showing no activity at all. This was attributed to the 
limited diffusion of the substrate into the layer. Additionally, for BAL, the interaction of the 
polyelectrolyte with the enzyme, the substrates and the cofactors could also be of influence. 
It should be noted, however, that in this study some of the test reactions (CALB and LBADH) 
were conducted in hexane and the effect of the organic solvent on the permeability of the 
capsules was not reported.6 Another study investigated in detail the kinetics of an enzymatic 
cascade reaction involving glucose oxidase (GOx) and horseradish peroxidase (HRP) 
immobilized by LbL deposition onto SiO2 colloids. These enzymes were either immobilized 
together on the same silica particle or on separate particles. Interestingly the activities of the 
immobilized enzymes were the same as the activities of the enzymes in solution, provided 
that they were pre-incubated with a so-called 'binder' polymer (a polyvinylpyridine-based 
polyamine). Without the binder polymer the activity of the HRP was greatly diminished.7 Of 
interest is also the study reported by Vancso et al, who investigated the effect of aggregate
7
Chapter 1 |
diameter (i.e. polymersomes constructed from PS-PAA block copolymers) on the kinetics of 
encapsulated trypsin (See paragraph 2.3.3).8
1.3 Scope of this thesis
Polymersomes are hollow compartments that are formed by self-assembly of amphiphilic 
block copolymers. The membrane generally consists of a bilayer in which the hydrophilic 
moieties face the solution while the hydrophobic blocks are buried inside. Polymersomes 
from polystyrene-b-polyisocyanoalanine(2-thiophene-3-yl-ethyl)amide (PS-PIAT) have, since 
their first appearance in the literature, shown to be promising materials for the 
encapsulation of enzymes, mainly because of the fact that they are permeable to small 
organic substrates.9 This property, combined with their stability makes these compounds 
promising materials as a next generation enzyme carrier. The main goal of this thesis is to 
explore the applicability of PS-PIAT polymersomes as enzyme carriers for 
biotransformations, in which we will focus on the incorporation of chloroperoxidase from 
Caldariomyces fumago (CPO) and Candida antarctica Lipase B (CALB). Chapter 2 gives a 
survey of the recent literature on the different systems that have been used for enzyme 
encapsulation as well as their application, where chapter 3 describes a thorough 
investigation of some aspects of the synthesis of PS-PIAT and its assembly into 
polymersomes. The oxidation of synthetically relevant substrates by the enzyme 
chloroperoxidase and the kinetics of these conversions by the polymersome encapsulated 
enzyme will be discussed in Chapter 4. The encapsulation of CALB is described in chapter 5, 
which also studies the construction of a polymersome system and the realization of a two- 
enzyme cascade reaction which takes place between the encapsulated CALB and the CPO 
that is appended to the outside of the polymersome. The focus in this study will be on the 
kinetics of the cascade reaction as well as the kinetic properties of the individual enzyme. 
Chapter 6 involves a study of the recyclability of the enzyme-containing polymersomes, 
using the information gathered in Chapter 4 and 5 to demonstrate the possibility of 
constructing a reactor system in which the polymersomes are immobilized into a porous 
hydrogel. The last chapter discusses the use of CALB containing polymersomes for the ring- 
opening polymerization of lactones and the effect of the location of the CALB in the 
polymersome (membrane or interior) on the polymer structure.
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Literature Survey
2.1 Introduction
The encapsulation of enzymes or proteins into nanosized containers started off with the 
observation that the main constituents of cell membranes in isolated form were found to 
assemble into vesicular bodies.1, 2 These structures, later termed liposomes, have been 
extensively investigated in the past decades. More recently, new approaches have emerged 
to form liposome-like architectures, which were found to act as protein containers, such as 
layer-by-layer particles, viruses and polymersomes. This development is fuelled by the 
continuous progress in polymer synthesis and the design of functional materials by bottom- 
up assembly.3 A major impetus for this research is the ultimate construction of an artificial 
cell. So far there is no indication that such a fully synthetic analogue of the cell can be made 
in the near future. Some individual aspects of cells, which include processes such as (bio-) 
synthesis (Chapter 2.3), replication (2.4) and energy conversion and storage (2.5), have been 
realized, however, in synthetic mimics of the cell.4 This chapter presents an overview of the 
literature regarding the construction of nanoscale capsules, that are able to realize such 
functions, with a focus on systems that involve the use of synthetic polymers.
2.2 Types of capsules
2.2.1 Liposomes
Liposomes (or vesicles, a term that is used to denote any (bilayer) compartment, regardless 
of their structure), are ultrasmall containers composed of a relatively impermeable lipid 
bilayer membrane. The constituting lipids can be of the same chemical structure as the lipids 
present in cell membranes, of which phosphatidyl choline (PC) is a common example (Table 
2.1). The supramolecular assemblies which are formed from these molecules in dilute 
aqueous solution, results from the amphiphilic nature of the lipid molecules and their 
geometry.5 These structures are prepared by rehydration of a thin film formed by rotary
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evaporation of a solution of the lipid in organic solvent and this procedure is generally 
followed by extrusion or sonication.6 Depending on the method of preparation the 
structures may vary in size from 25-100 nm to several micrometers. In the latter case they 
are referred to as giant liposomes (Figure 2.1). The membrane of the vesicles lies in a very 
narrow range of 5 - 6 nm and is in a rather rigid gel-like state or, above the transition 
temperature (Tm), in a liquid state.
Figure 2.1: A: Freeze fracture electron micrograph o f liposomes form ed from  phosphatidyl choline lipids by extrusion through 100 
nm pore size filters (bar represents 200 nm). B: Cryo-electron micrograph o f liposomes form ed from  the same lipid. The difference in 
size stem s from  the difference in preparation procedure. C: Schematic representation o f the packing o f the lipids in the liposome 
bilayer. 7‘
The permeability of the liposomes bilayer to solutes is relatively low below Tm, but increases 
sharply at the vicinity of Tm, increasing further at temperatures above Tm. The permeability 
of small molecules through liposomes occurs in the following order: water > > small non­
electrolytes > > anions > cations.6 Generally, liposomes are impermeable to macromolecules, 
such as proteins and polymers.
The field of liposome research has come a long way since the first discovery of 
'Banghosomes' in the 1960s by Bangham and coworkers, and they are nowadays used by the 
pharmaceutical industry in drug formulations. For these in-vivo applications 5 - 10 % of the 
lipids carry a polyethylene glycol (PEG) chain. This increases the circulation time of the 
liposomes in the body because PEG effectively shields the capsules from clearance by the 
immune system.9 For widespread use in drug delivery and other more demanding 
technological applications, liposomes seem to be restricted, however, by their intrinsic 
instability which results from the flexibility of their membranes and the fact that they are not 
thermodynamically stable, leading to fusion, aggregation and, finally, precipitation.10, 11 
These limitations have been addressed by the introduction of synthetic polymerizable 
lipids.12 It was discovered that the principle of amphiphilic self-assembly and vesicle
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formation also applies to amphiphilic block copolymers, giving rise to polymeric vesicles 
termed polymersomes, which have a higher rigidity (Chapter 2.2.3).5
Table 2.1: Chemical structures o f molecules that assemble into liposome-like structures.
Structure Abbreviation Type of molecule Type of assembly
1 ^  i - O + S i  ^ O  \  N — '  /
PSS
Lipid
amphiphile
Negatively charged 
polyelectrolyte
PAH
PEG-PLA
PS-PAA
Positively charged 
polyelectrolyte
Amphiphilic block 
copolymer
Amphiphilic block 
copolymer
P2VP-PEG Amphiphilic block 
copolymer
PMOXA-PDMS- Amphiphilic block 
PMOXA copolymer
PS-PIAT Amphiphilic block 
copolymer
NH
Liposomes
LbL-assemblies
LbL-assemblies
Polymersomes
Polymersomes
Polymersomes
Polymersomes
Polymersomes
t  polymer end groups and counterions omitted fo r clarity
i  PSS = polystyrene sulfonate; PAH = Polyallyl amine hydrochloride; PLA = polylactic acid; PAA = polyacrylic acid; PMOXA = poly(2- 
methyl-2-oxazoline); PDMS = polydimethylsiloxane
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2.2.2 Layer-by-Layer capsules
In the early nineties Decher and coworkers developed a technique for the construction of 
multilayer assemblies by consecutive, layer-by-layer (LbL) deposition of anionic and cationic 
polyelectrolytes.13 It was found that this technique can be applied to colloidal particles as 
well, as was shown by Sukhorukov and coworkers.14 Following this procedure, polystyrene 
latex particles modified with sulfate groups are chosen as the template for the adsorption of 
multi-layers, and two typical polyelectrolytes are used to form the multilayer, namely 
sodium poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) (Table 2.1). 
Although it is possible to incorporate many different polyelectrolytes into the multilayer 
assemblies, including biological polyelectrolytes such as DNA and proteins, most studies 
usually employ one of these polyelectrolytes.15
Through the stepwise adsorption of polyelectrolytes onto a decomposable colloidal 
template hollow polyelectrolyte shells can be made (Figure 2.2A).16 Widely used and well- 
characterized core templates are the weakly cross-linked melamine formaldehyde resins 
(MF), which decompose in aqueous media at pH < 1.6. They are favored above PS-particles 
because of their decomposable character, but showed to have several disadvantages, most 
importantly their non-biocompatibility. For the encapsulation of enzymes, porous calcium 
carbonate (CaCO3) crystals can be used, which dissolve at neutral pH in the presence of 
EDTA. The enzyme is co-precipitated with the CaCO3, which itself is obtained by addition of a 
solution of CaCl2 to a solution of Na2CO3. This procedure allows the enzyme to pass through 
the encapsulation process without being exposed to undesirable levels of pH.17-19
Typically, when viewed by electron microscopy, LbL capsules show a somewhat rough 
surface texture with folds and creases (Figure 2.2B). An interesting and tunable property is 
the permeability of the capsules, which can be manipulated by variation of pH and ionic 
strength. Instead of co-precipitating enzymes with the template prior to polyelectrolyte 
deposition, loading of these molecules may be achieved by making the layers temporarily 
permeable to the biomacromolecules.19 Obviously this permeability depends also on the 
number of layers deposited. For PSS/PAH capsules deposited on MF (8 layers in total) in pure 
water, small organic molecules permeated instantaneously while polymers of MW = 70,000 
did not permeate at all. For CaCO3 templated capsules a similar size restriction was 
observed.20, 21
14
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Figure 2.2: A: Schematic representation o f the synthesis o f capsules by layer-by-layer deposition o f polyelectrolytes and the 
subsequent decomposition o f the templating material. After washing the free polyelectrolyte shells are obtained. B: Scanning  
electron microscope (SEM) picture m icroscopy o f a nine-layer PSS/PAH polyelectrolyte shell after decomposition o f  the template 
material.16
2.2.3 Polymersomes
Polymersomes are hollow vesicles with a polymeric membrane, which are formed from self­
assembly of dilute solutions of amphiphilic block copolymers of the AB or ABA-type.5, 22 For 
ABA-type triblock copolymers, the central 'B'-block is often shielded from the environment 
by its flanking 'A'-blocks, while AB-type copolymers self-assemble into bilayers, placing two 
hydrophobic blocks tail-to-tail, much to the same effect.23, 24 In almost all cases, the vesicular 
membrane has an insoluble middle layer and soluble outer layers.10 The driving force for 
polymersome formation by self-assembly is considered to be the microphase separation of 
the insoluble blocks, which tend to associate in order to shield themselves from contact with 
water.25 For classical amphiphiles, e.g. lipids, the resulting aggregate morphology is 
predicted by the time-average molecular shape or geometry of the molecule which is 
dictated by the hydrophilic fraction f. When this shape has the form of a wedge (f -= 35 ± 10 
%) vesicles are formed (Scheme 2.1)26 Although the rules laid down for classical amphiphiles 
do not directly translate to all polymer amphiphiles, in practice it has been observed that for 
self-assembly of block copolymers of polybutadiene-b-poly (ethylene glycol) (PB-PEG) this 
rule also applies. For these polymers it was found that the membranes increase in diameter 
from d = 8 nm to 21 nm when the molecular weight of the polymers increases from MW = 
2000 to 20,000.27,28
15
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Indeed, the polymersome architecture shows many similarities to that of liposomes. 
Polymersomes, however, are typically more mechanically and thermodynamically stable. 
This is attributed to the lower critical aggregation concentration of the constituting 
amphiphilic macromolecules as a result of the increased molecular weight of the 
amphiphiles.10 The chemical versatility which can be applied to block copolymer synthesis,29 
enables control over the engineering of the polymersomes' properties.30 Studies that initially 
were focused on the exploration of the fundamental properties of polystyrene-b-poly 
(ethylene glycol) (PS-PEG) and polystyrene-b-poly (acrylic acid) (PS-PAA) polymersomes have 
thus led to more complex polymers with tunable properties. Amongst these are 
polymersome building blocks that have been employed in nanoscale enzymatic reactors, 
such as the triblock copolymers poly(2-methyloxazoline)-b-poly-(dimethylsiloxane)-b-poly(2- 
methyloxazoline) (PMOXA-PDMS-PMOXA) and poly(2-ethyl-2-oxazoline)-block-PDMS-block- 
poly(2-ethyl-2-oxazoline) (PEtOz-PDMS-PEtOz) and polystyrene-block-polyisocyanoalanine- 
(2-thiophene-3-yl-ethyl)am ide (PS-PIAT) (Table 2.1).
Worm-like
Vesicles micelles Micelles
Scheme 2.1: Schematic representation of how the time-average geometry (f; depicted schematically in the above panel) of 
amphiphiles relates to the type of aggregates that form in dilute aqueous solutions (middle panel). Representative TEM images of 
the amphiphiles formed by such molecules are shown in the lower panel.31
2.2.4 Viruses and protein cages.
In nature, numerous protein-based self-assembled systems exist that function as enzyme 
containers (Figure 2.3). In the last decade these have been exploited by chemists as
16
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immobilization platforms,32 and as carriers of man-made materials. These capsules are 
unrivaled by synthetic systems with respect to monodispersity, while their structure is 
defined at the atomic level.33
A typical example are the viruses, which are assembled from multiple copies of a 
limited number of protein subunits. The capsule of cowpea chlorotic mosaic virus (CCMV), 
for example, has a diam eter of 28 nm and consists of 180 copies of a 20 kDa protein subunit 
that is arranged in a 3-fold symmetry around a central RNA strand. Interestingly, empty 
CCMV capsids (w ithout RNA) can be prepared by disassembling the virus at pH > 7.5 and 
removing the RNA, whereupon the capsid can be reassembled at pH = 5. This provides a 
gentle way of encapsulating molecules.34 Furthermore, viruses can be modified by 
modification of the amino acids side chains, either by chemical means or by genetic 
engineering.
Other protein based capsules are the ferritins, whose biological function is to 
sequester and store iron, but which have also been exploited to carry other metal salts, such 
as Pd, for use in catalysis,35 or Gd for use in contrast agents.33 Interesting but far less 
investigated containers are cages known as chaperonines (a sub-class of chaperones) that 
are derived from heat-shock proteins, and so-called 'vaults' (amongst others).36, 37
Figure 2.3: Representative computer generated images (inset) and respective electron microscopy images of natural protein cages 
that have been used as containers for a diverse set of materials. A: The capsule of cowpea chlorotic mosaic virus (CCMV).38 B: 
Ferritin capsule.35 C: Ribonucleoprotein nanocapsules known as vaults.37, 39 D: Chaperonines, crystallized in two-dimensional 
lattices.37
2.3 Synthesis using capsules as reaction vessels
Several studies on the incorporation of enzymes into synthetic and biohybrid capsules 
demonstrate the feasibility of performing enzymatic reactions in their aqueous interior, and 
these studies may be viewed as mimicking the enzyme catalyzed synthesis of nutrients, 
building blocks, metabolites, and toxins inside the cell, which are all essential for sustaining 
the cells' biochemistry and which are needed for its proliferation. The basic study of
17
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enzymatic reactions occurring inside the interior of liposomes has been studied for quite 
some tim e,40 and the continuing progress in this area forms an inspiration for the use of 
(more) novel platforms, such as polymersomes and LbL-capsules. The coming paragraphs will 
discuss the progress that has been made in the past decade in the construction of liposome- 
based systems that carry enzymes, followed by an extensive overview of the use of recently 
introduced, alternative enzyme carriers, especially polymersomes.
2.3.1 Liposomes as reaction vessels
After the demonstration that enzymes can be encapsulated in liposomes,11, 41 the most 
inspiring systems have come from the ability to manipulate and study single vesicles. For 
instance, the group of Vogel and coworkers pioneered the study of single liposomes as 
atto liter reaction vessels, which was facilitated by immobilizing these assemblies in a 
controlled manner onto glass substrates, allowing the monitoring of the reaction by CFM. 
The general strategy is to mix in a small amount of lipid (0.3 %) carrying a PEG chain that has 
a biotin label attached to it. The PEG chain ensures minimal interaction of the lipid 
membrane with the surface, thereby prohibiting liposome disruption, while the biotin label 
is able to bind irreversibly and with high selectivity to avidin which is immobilized on the 
glass surface. If more controlled deposition is desirable, a more complex system using a 
bovine serum albumin (BSA) modified surface can be used.41
Using this immobilization approach, giant liposomes encapsulating smaller liposomes 
were appended to a glass surface. The controlled mixing of the content of the smaller 
liposomes with the giant liposomes was proven by the encapsulation of a fluorescent dye 
(calcein) into the small liposomes, at a concentration high enough for self-quenching of the 
dye to occur (Figure 2.4A). By raising the tem perature to the transition tem perature of the 
small liposome (41 °C), its contents were mixed with that of the of surrounding medium  
inside the giant liposomes (which were not affected because of its different Tm), as was 
shown by the fluorescence increase of the released (diluted) calcein.42 An interesting 
elaboration of this concept was the incorporation of alkaline phosphatase enzymes into the 
aqueous volume of the giant liposomes (Figure 2.4B). A pro-fluorescent substrate for this 
enzyme, 9H-(1,3-dichloro-9,9-dim ethylacridin-2-one-7-yl) phosphate (DDAO phosphate, 
Table 2.2), was encapsulated into the small liposomes that were contained inside the 
volume of the giant liposome. Raising the tem perature to Tm released the substrate, leading 
to turnover and hence to an increase in fluorescence. When another pro-fluorescent 
substrate, fluorescein diphosphate (FDP; Table 2.2), was loaded into a second small liposome
18
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with a different Tm, (23 °C), the substrates could consecutively be released into the giant 
liposome medium. From the tim e traces of product formation in the individual giant 
liposomes, the kinetic parameters could be calculated, which corresponded well to the 
kinetic parameters of the enzyme in bulk solution, suggesting that in the nanocapsular 
environment the enzyme kinetics were the same.43
Table 2.2: The assay reactions used to assess the activity of alkaline phospatase inside the liposomal systems described in this 
paragraph.
Assay reaction Name of the substrate (abbreviation) Xex, ^em (nm)
O
9H-(1,3-dichloro-9,9-dimethylacridin- 
2-one-7-yl) phosphate, (DDAO- 640, 660
phosphate)
Fluorescein diphosphate, (FDP) 480, 520
Figure 2.4: A: Principle of the temperature triggered release of substrate from small liposomes encapsulated into the volume of 
giant liposomes. Immobilization to a glass surface allowed the monitoring of the reaction by fluorescence microscopy. By raising the 
temperature to the Tm of the small liposomes, the bilayer becomes permeable to the substrate and the latter is released in the 
environment. Enzymatic reactions can be inititated by encapsulation of enzymes in the giant liposomes volume, leading to turnover 
upon release of the substrate. B: Demonstration of this principle by the encapsulation of acid phosphatase into the giant liposomes 
and monitoring the fluorescence (IF) upon the initiation of turnover of the substrates by triggering their release at Tm (DDAO 
phosphate: T = 23 °C, FDP: T = 41 °C.42
Hsin and Yeung investigated the kinetics of alkaline phosphatase encapsulated in liposomes 
in more detail.44 To this end, a less complex system in which pro-fluorescent substrate (FDP) 
and enzyme where loaded in separate liposomes, was used. By fluorescently labeling the 
enzyme, the liposomes that contained only one enzyme molecule could be selected. These
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were then fused by electrofusion with the liposomes containing substrate, upon which the 
amount of released fluorescein was measured by calibration to liposomes containing known 
amounts of fluorescein. A broad distribution of reaction rates was found with tw o maxima 
that centered around 150 and 450 s-1 (compared to a measured 168 s-1 in bulk). This showed 
the additional information that can be extracted from single-molecule experiments. The 
trapping in liposomes ensured that unwanted effects originating from fixing the molecule to 
a carrier could be ruled out.
2.3.2. LbL-capsules as reaction vessels
Several enzymes have been encapsulated in LbL capsules and were found to remain active. 
These include urease, chymotrypsin, glucose oxidase (GOx), horseradish peroxidase (HRP) 
and catalase.45 Urease was encapsulated by the reversible opening of the PSS/PAH shell with  
an ethanol/w ater mixture and it was found that the enzyme retained 13 % of its original 
activity.46 Chymotrypsin was loaded into microcapsules by first precipitating it and then  
assembling the PSS/PAH multilayers onto the aggregated enzyme. A problem in this case 
was the high rate of leakage at the optim um  pH (pH = 8) of the enzyme, which was 
suggested to be due to pore formation in the PE wall.47 The same enzyme could be loaded 
into PSS/PAH capsules prepared on MF tem plates by opening up the walls at pH = 4 and 
closing again at pH =8 (Figure 2.5).48 Leakage was also observed for HRP, which was loaded 
into MF tem plate multilayers using the same approach, even at pH = 8. In this case the 
multilayers were composed of protamine (an arginine-rich protein) and dextran sulphate.49 
For CaCO3 tem plates a study showed that absorption of enzyme onto the tem plate and 
subsequent coating led to enzyme primarily being localized in the capsule walls, while co- 
precipitating with CaCO3 led to the enzyme being distributed also inside the capsule. 
However the activity of the enzyme was not reported.19
It seems that the preparation procedure, the tem plate materials, and the exact 
enzyme used determ ine the stability of the enzyme-loaded capsules at any pH. In addition, 
for the MF tem plates but also for the CaCO3 tem plates,50 polyelectrolytes are not exclusively 
found at the capsule wall but are also present inside the capsules, forming a network in 
which protein can remain efficiently trapped. In the Ideal case, during dissolution the MF 
core degrades into small particles which penetrate through the capsule wall and are washed 
away. However, while this process occurs, the first layer (PSS, for example) partially 
dissociates from the wall and is released into the interior of the capsule, where it aggregates 
with positively charged MF particles to form a negatively charged complex. This complex is
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much too large to diffuse out of the capsule. Indeed, this forms a way of concentrating 
macromolecules inside the capsule, a process known as spontaneous deposition.51
Figure 2.5: Top panel: encapsulation of macromolecules into hollow polyelectrolyte capsules. Bottom panel: confocal images of MF- 
derived capsules in FITC-dextran (MW 75,000) solution at pH > 8 (left), at pH < 6 (middle), and returning to pH > 8 after removing 
the bulk FITC-dextran by centrifugation (right).46
Despite the somewhat elaborate preparation procedures, interesting concepts have been 
developed involving the use of enzymes incorporated into LbL capsules. The synthesis of 
macromolecules catalyzed by enzymes, mimicking the synthesis of biomacromolecules 
occurring in cells, has been performed by polymerizing phenols with HRP inside MF 
tem plated capsules (Scheme 2.2).52 Tyramine was chosen as a m onomer because the 
polymer formed by a successful polymerization is highly fluorescent. Both tyramine and H2O2 
could permeate freely into the reactor capsules because of their low molecular weights, 
while the HRP was retained. As a result polymer form ation was found to occur only inside 
the capsules. The fluorescent product obtained by tyramine polymerization was compared 
to the product obtained in bulk solution and was analyzed by fluorescence spectroscopy. The 
deviation between the spectra was suggested to result from the confinement of polymer 
synthesis in the submicron volumes of the reactor, giving structures different from that of 
polymer formed in bulk. On the other hand it was suggested that the presence of the 
polyelectrolytes may affect the resulting polymer structure, which indeed is the case for the 
HRP-catalyzed polymerization of anilines.52 Lvov and coworkers also reported on the 
peroxidase-catalyzed polymerization of phenol. However, in their system the peroxidase was 
assembled together with PSS in the shell of the polyelectrolyte capsules. As a m onomer 4- 
hydroxyphenylacetic acid was used, and the form ation of additional polymer on the surface 
of the shell provided the possibility to tune its permeability.53
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R R
HRP + H20 2xx~, *
o o
R = -NH2 -OH
Scheme 2.2: The polymerization of phenols catalyzed by HRP in the presence of hydrogen peroxide.
A basic feature of cellular biosynthesis is that of cascade catalysis, where the product of a 
reaction serves as the substrate for the second reaction. Apart from the basic exploration of 
how these processes occur, from a synthetic point of view cascade reactions circumvent the 
need for interm ediate recovery steps and are more efficient than classic stoichiometric 
synthesis. A case where HRP worked in concert with a second enzyme, GOx, was reported by 
Balabushevich and coworkers.45 Their MF-tem plated LbL hollow capsules consisted of the 
polyanion dextran sulfate and protamine, an arginine-rich protein involved in DNA-binding. 
Spontaneous deposition was used to accumulate both HRP and GOx inside the hollow  
capsules. The resulting bienzyme system was shown to be active in the oxidation of Amplex 
Red (For reaction see Figure 2.7).45 Interestingly, the product of the cascade reaction, the 
fluorescent resorufin (7-hydroxy-3H-phenoxazin-3-on) appeared to remain trapped inside 
the capsules, as no fluorescence was observed in the exterior solution. The same cascade 
reaction was used by the group of Trau who tem plated their capsules on an agarose 
hydrogel which contained the enzymes.54 In both papers high encapsulation efficiencies 
were reported (66 % - 99 %). The specific activity of the enzymes was half of that observed 
for the free enzymes, which was attributed to diffusion limitations.
A more detailed study on the activity of co-encapsulated HRP and GOx was 
conducted by Stein and coworkers who prepared the bienzymatic system by coprecipitation 
with CaCO3 and subsequent dissolution of the core.55 It was found that when starting from  a 
2:1 ratio of GOx:HRP, the ratio found in the capsule was 0.13:1, probably owing to the higher 
efficieny by which HRP was entrapped in the CaCO3 coprecipitation process. Here, an 85% 
drop in enzymatic activity was observed which was also explained by the limited diffusion of 
glucose into the capsules. This was supported by analyzing the fluorescence increase by CFM 
of so-called 'regions of interest', which allowed the researchers to monitor exclusively the 
fluorescence coming from the inside of the capsules or from the shell. This study showed 
that in the layers substrate consumption was high, leading to a steep decrease in substrate
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availability for the inner enzymes. Still, an exact analysis was somewhat compromised by the 
fact that also the enzyme concentration in the layers was higher than in the interior, so that 
the low activity inside the capsule could also be caused by a lack of enzyme.
Figure 2.6: A: Schematic representation of the shell-in-shell LbL capsules carrying HRP in the outer shell and GOx in the inner core. B: 
Transmission micrographs of the shell-in-shell microcapsules. C: The coupled bi-enzymatic system of GOx and HRP in which the 
hydrogen peroxide generated from the GOx catalyzed oxidation of b-D-glucose with molecular oxygen is used for the HRP catalyzed 
oxidation of the pro-fluorescent substrate amplex red (\em = 587 nm).56
Shell-in-shell capsules were introduced by Kreft et al. The architecture of these capsules is 
reminiscent of that of the giant liposomes incorporating smaller liposomes, described in 
paragraph 2.3.1 and serve as an interesting demonstration of the concept of 
compartmentalization. Here, first HRP was encapsulated by CaCO3 precipitation (see above) 
upon which the entire capsules containing the protein (after dissolution of the core) were 
once again precipitated with CaCO3 together with free GOx. Thus, GOx was encapsulated in 
the outer, surrounding, com partm ent and HRP was included in the inner capsule (Figure 
2.6A). The presence and catalytic activity of both enzymes was determined by resorufin 
form ation (Figure 2.6C). Confocal imaging revealed that, a few  seconds after addition of 
glucose and amplex red substrate, fluorescent product formation occurred in the inner 
com partm ent and spread out into the outer com partm ent, showing the facile diffusion of 
substrate through both walls.56
A 'hybrid' system comprising both lipid vesicles and polyelectrolyte capsules was 
recently reported by the group of Caruso.57 Liposomes loaded with the enzyme lactamase 
were sandwiched between a layer of poly-lysine and poly (methyl methacrylate), which 
where both polymers were modified with cholesterol moieties to anchor the liposomes to
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the surface. The thus prepared capsules were then covered with one layer of poly(vinyl 
pyrrolidone) (PVP) and a thiol-modified poly (methyl methacrylate), the pair of which form  
stable capsule at pH = 4 as a result of hydrogen bonding. After cross-linking the thiols to 
disulfide bridges and raising the pH to 7, stable capsules were obtained solely held together 
by disulfide bridges, because the PVP dissolves at neutral pH. Only upon addition of the non­
ionic surfactant triton X-100 (and in the presence of the substrate nitrofecin (a chromogenic 
cephalosporin), the enzyme was released in the interior of the capsules, thus initiating 
conversion of the substrate.
2.3.3 Polymersomes as reaction vessels 
Permeability of the polymersome membrane
As detailed in paragraph 2.2.3, the polymersome membrane has a higher stability than the 
membrane of liposomes, which inherently comes with a decrease in permeability to solutes. 
For the use of polymersomes as enzyme carriers it is thus im portant to consider the 
permeability of the membrane. Battaglia et al. determined the permeability of a series of 
block copolymer and triblock copolymer membranes of poly(ethylene oxide)-b- 
poly(butylene oxide) by encapsulating the highly hydrophilic 3,3',3"-phosphinidyne 
tris(benzenesulfonic acid).58 The subsequent addition to the outside solution of 5,5'- 
dithiobis-2-nitrobenzoic acid (DTNB) allowed the authors to correlate the appearance of 
absorbance in the inner com partm ent to the rate of permeation of DTNB through the 
membrane (Scheme 2.3). For this test system, it was found that the diffusion over 
polymersome membranes was in good agreem ent with Fick's first law, e.g., the permeability 
decreased with increasing membrane thickness. Compared to regular lipid membranes 
composed of phosphatidyl choline, the permeability was 20 times higher at pH= 6, as a result 
of the more hydrophilic nature of the polyether membrane, but dropped to comparable 
values at pH = 8 because of the larger fraction of charged DTNB molecules.58
Scheme 2.3: Reduction of 5-5'-dithiobis (2-nitrobenzoic acid) (‘Ellman's reagent') to thionitrobenzoate by water-soluble 
triphenylphosphine trisulfonate. For the measurement of polymersome membrane permeability the phosphine was encapsulated in 
the aqueous interior.
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A carefully designed NMR experim ent allowed the determ ination of diffusion times of 
poly(ethylene oxide) (PEO) molecules of different hydrodynamic radius /  molecular weight 
(radius = 0.43 -  41.8; M W  = 200 -  400 kDa) across the bilayer of poly(2-vinylpyridine)-b- 
poly(ethylene oxide) polymersomes.59 These experiments indicated that different diffusion 
mechanisms existed for small molecules on the one hand and larger molecules on the other 
hand. Small molecules showed a molecular weight dependent permeation rate, whereas the 
permeation of larger molecules was independent of molecular weight, but did depend on 
the type of polymer used. For larger molecules the permeation mechanism was therefore  
suggested to involve an unfolding process, and a subsequent head-to-tail permeation of the 
molecules through the bilayer.
The systems that are expected to be most compatible with encapsulated enzymes 
are those in which permeation of the substrate is facilitated by incorporation of membrane 
spanning protein channels, or of which the structure is such that permeation occurs rapidly. 
M em brane permeability does not present an issue for sufficiently small substrates, such as
O2- for the enzyme superoxide dismutase (SOD; for the reaction catalyzed see Table 2.3, 
entry 1) .60 This enzyme, which serves as an antioxidant, was encapsulated into 
polymersomes of PDMS-PMOXA-PDMS and the properties of the enzyme as well as that of 
the resulting polymersomes were studied. It turned out that 2-5 SOD molecules were 
encapsulated in the interior which correlated with the estimate obtained from assuming the 
statistical inclusion of the enzymes. Electron paramagnetic resonance (EPR) spectroscopy 
revealed that the geom etry of the Cu1 in the active site was not affected by the 
encapsulation, which was also shown to hold true for the enzymes' secondary structure, 
which was probed by circular dichroism (CD) measurements. Furthermore, the activity of the 
enzyme was the same as that of the enzyme free in solution indicating that the diffusion of 
the superoxide radical anion into the polymersomes was not rate limiting.
Reconstitution of channel proteins into polymersome membranes
For conversion of larger substrates in PDMS-PMOXA-PDMS polymersomes, the limitations of 
low membrane permeability have been circumvented by incorporating channel proteins in 
the polymer membrane, which passively (w ithout input of energy) transfer substrates into 
the interior of the polymersomes.61 This 'functional reconstitution' of membrane proteins 
seems a remarkable demonstration, as neither the dimensions nor the chemical composition 
of the building blocks are similar to that of native cell membranes. Calculations showed this 
to be the result of the flexibility of the hydrophobic blocks that (in contrast to the alkyl
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chains of lipids) are able to adjust their configuration (stretch or shrink) to that of the 
dimensions of the channel. Combined with the amphiphilic nature of the block copolymers 
and the protein, this leads to the functional insertion of the protein into the polymersome 
membrane. (Figure 2.7).62, 63
Figure 2.7: Conformation of polymer chains in the vicinity of an inserted membrane protein. Because of their flexiblity, the polymer 
chains can easily adapt their length to that of the dimensions of the membrane protein, thereby reducing the energetic penalty for 
protein insertion, resulting from interactions between the protein and the hydrophobic core.62
The group of M eier developed a nanoreactor by incorporating the bacterial porin OmpF in 
the membrane of a PMOXA-PDMS-PMOXA polymersome (Figure 2.8A). Transport of small 
molecules over the membrane was facilitated by the nonspecific OmpF channel protein 
embedded in the membrane, allowing passive diffusion of solutes up to a molecular weight 
of 400 g mol-1. W hen the vesicle interior was loaded with 3-lactamase, conversion of the 
substrate ampicillin to ampicillionic acid was observed (Table 2.3, entry 5).64 The 
responsiveness of the channel to a transmembrane potential, closing itself when the  
potential is increased above 100 mV, was exploited by the addition of the sodium salt of 
poly(styrene sulfonate) to the dispersion. In this way a so-called Donnan potential was 
established, which results from the fact that the negatively charged polymer is too large to 
pass through the membrane, whereas its sodium counter ions can readily diffuse into the 
vesicle. This closed the membrane protein and stopped the conversion of ampicillin. The 
conversion could be initiated again by the opening of the channels by addition of NaCl or the 
dilution of the solution. In further studies, the versatility of this system was demonstrated by 
the incorporation of other enzymes, such as acid phosphatase or nucleoside hydrolase of 
Trypanosoma vivax (a potential pro-drug activating enzyme) 65, 66 Additional studies on the 
activity of the protein channels in the block copolymer membranes reported the OmpF 
channels to be fully functional, when compared to the activity in their native environm ent.61
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Table 2.3: Assay reactions used to assess the activity of the various enzymes encapsulated into polymersomes.
Entry Assay reaction Amax or Catalyzed by:
(nm )
280 Superoxide
dismutase
450 Horseradish
peroxidase
420
380, 450 Candida
antarctica lipase B
480, 520
NA Glucose oxidase
485 3-Lactamase
500, 520 Trypsin
Functional reconstitution is not restricted to OmpF.67 For example, the incorporation of 
Aquaporin Z, a bacterial channel that selectively transports water, imparted a 90 times 
increase in permeability for the PMOXA-PDMS-PMOXA polymersomes, at an estimated 25 
channel molecules per polymersome (of radius 117 nm). Because the permeability was 
shown to be low for other solutes these membranes could be of potential interest to water 
purification.68 To ensure a higher compound flux into the polymersomes, a channel protein 
with a larger pore diam eter (cross section 39 -  46 A) than OmpF (7 -  11 A), was incorporated 
in PMOXA-PDMS-PMOXA polymersome membranes. This was a mutant of the FhuA 
transporter protein (Figure 2.8B & C). Polymersomes loaded with HRP and equipped with 
FhuA channels in their membranes were shown to be active in the oxidation of 3,3',5,5'- 
tetram ethylbenzidine (Table 2.3, entry 2a), proving the functionality of both the enzyme and 
the channel. In a second application of these functionalized nanocompartments, the
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positively charged polylysine was used as a 'trap' inside the polymersome, to selectively 
recover the negatively charged sulforhodamine B from the m edium .69
In an extension of this work, the FhuA channel was chemically modified with two  
amine-reactive labeling agents, both containing a cleavable disulfide moiety to which either 
a biotin or a pyridine was attached. After reconstitution, these ligands sterically hindered the 
diffusion out of the polymersomes of calcein (a fluorescein derivative) that was trapped 
inside the polymersomes. Upon the addition of the trigger molecule DTT, the moieties were 
released from the channel, which allowed the encapsulated calcein to pass through. 
Interestingly, the less bulky pyridyl moiety caused the largest increase (30 times higher) in 
the efflux of calcein molecules.70
Figure 2.8: A: Model of a nanoreactor constructed from PMOXA-PDMS-PMOXA polymersomes by the insertion of protein channels 
in the membrane. The channel proteins facilitate the diffusion o f substrate into the interior of the polymersome which encapsulates 
an enzyme that converts it into product. B: X-ray structure of the native FhuA protein. C: The genetically engineered FhuA protein 
forming a passive diffusion channel, which was functionally inserted into PMOXA-PDMS-PMOXA.69
Polymersomes as artificial organelles
A frequently encountered paradigm is the introduction of enzyme containers into cells, so as 
to provide the cell with an artificial organelle that may enhance its functioning or to correct 
malfunctioning processes. The group of M eier took a first step in this direction by integrating 
a polymersome nanoreactor into macrophages, whose role is to engulf and digest cellular 
material and pathogens.71 This integration was achieved by labeling the outer surface of 
PMOXA-PDMS-PMOXA polymersomes with polyguanylic acid (polyG), a signal that is 
recognized by a certain subclass of macrophages and triggers the internalization of the 
polymersomes. The polyG was immobilized on the polymersome periphery by biotin 
streptavidin chemistry. These vesicles were shown to be internalized into the macrophages 
and ended up in the lysosome, the endoplasmic reticulum (ER) and the Golgi apparatus. 
Calcein release by the appearance of its fluorescence was monitored over several days to
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measure the leakage and disintegration of the polymersomes, which indicated that the 
polymersomes remained intact for over 36 hours. Somewhat remarkably in this aspect was 
the observation that at the same tim e the encapsulated trypsin was still able to convert an 
externally added substrate inside the macrophages. 71
In a more thorough study the stability, both in vitro and in vivo, of PMOXA-PDMS- 
PMOXA nanoreactors carrying a channel protein and encapsulating thymidine phosphorylase
*
was tested. This enzyme is of potential interest for enzyme replacement therapy. In 
contrast to liposome carriers, the phosphorylase remained active in mouse serum, although 
its activity dropped to 50 % of the original activity after 3 days of incubation, probably as a 
result of the blocking of the protein channels. On the other hand, the nanoreactors were not 
cytotoxic to the mouse liver nor did they elicit an immune response, showing that the 
polymersomes successfully shielded the enzyme from clearance by the immune system.72
Figure 2.9: Chemical structure of block copolymers of polystyrene-block-polyisocyanopeptides, of which the isocyano headgroup is 
derived from a dipeptide of L-alanine. These amphiphilic molecules show rich assembly behaviour in sodium acetate buffer at the 
pKa of the carboxylic acid groups. The block copolymers with a polyisocyanopeptide length equalling a degree of polymerization of n 
= 10, self-assemble into left-handed superstructures (shown in the TEM picture).76
Polystyrene-polyisocyanopeptide polymersomes
Other interesting macromolecular systems for the encapsulation of enzymes are 
polymersomes assembled from block copolymers of polystyrene-b-polyisocyano peptides. In 
1998 Cornelissen and coworkers reported the assembly behavior of polystyrene-b- 
polyisocyanopeptides of which the polyisocyanide headgroup was derived from the methyl 
esters of isocyano-L-alanine-L-alanine (PS-PIAA) and isocyano-L-alanine-L-histidine (PIAH).73 
As with regular polymers from bulky isocyanides,74 the isocyanide polymers adopt a helical 
structure that is stabilized by hydrogen bonds between the sidegroups (see also Chapter 3 of
* in enzyme rep lacem ent the ra p y  th e  active fo rm  o f  the  de fic ien t enzyme is adm inistered in travenously
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this thesis). W hen the methyl esters were deprotected, negatively charged (PS-PIAA) and 
zwitterionic (PIAH) block copolymers were obtained. W hen dispersed in water, rod-like 
aggregates (probably worm-like micelles) were observed for PS-PIAA20, while a shortening of 
the headgroup (PS-PIAA10) led to the form ation of collapsed vesicles, bilayer filaments and 
also left-handed superhelices with a diam eter of 180 nm and a pitch of 110 nm. PS-PIAH15 
was found to form a right handed superhelix (Figure 2.9).73, 75
Later it was reported that stable polymersomes can be formed from block 
copolymers of polystyrene and a poly(isocyanopeptides) containing a thiophene moiety, 
e.g., polyisocyanoalanine-(2-thiophene-3-yl-ethyl)amide (PS-PIAT).76 These polymersomes 
varied in size between 2 |am and 22 |am, with an average diam eter of 7 |am, while their 
membranes measured 27 ± 5 nm, approximating twice the size of the PS-PIAT molecule. This 
suggested that the membrane was a bilayer with the PS block directed inwards and the PIAT 
moiety facing the w ater phase. The thiophene moieties were introduced in order to 
construct conducting polymersomes, which can be realized by the polymerization of the 
thiophene groups after aggregation (Figure 2.10).
An intriguing property of these polymersomes is their permeability towards low 
molecular weight organic solutes, although the structural basis for this permeability is still 
open to investigation. Defects in the membrane may be a plausible explanation. These could 
result from the tendency of the PIAT moieties to laterally associate or crystallize, upon 
precipitation in water, while the PS has the tendency to form spherical aggregates. These 
counteracting forces may lead to a local rupture of the membrane. It should be noted that 
permeability has only been demonstrated for PS-PIAT polymersomes carrying enzymes. The 
presence of enzymes may have a profound effect on the form ation of polymersomes and 
may contribute to the generation of the defects.
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Figure 2.10: A: Chemical structure and schematic model showing the flexible styrene tail and the rigid helical polyisocyanopeptide 
block of PS-PIAT. B: TEM microscopy of the aggregates that result from dispersion o f this polymer into water. C: Proposed 
configuration of the PS-PIAT in the bilayer of the polymersome (the PIAT moiety is respresented as a cilinder).76
The combination of permeability with the retention of enzymes opens up the exploration of 
interesting applications. This was demonstrated by the encapsulation of Candida antarctica 
lipase B (CALB) into the polymersomes, which was realized by the addition of the polymer in 
THF solution to an aqueous solution containing the CALB, and subsequent filtration.77 The 
enclosed CALB retained its catalytic activity towards the hydrolysis of the pro-fluorescent 
6,8-difluoro-4-m ethylum belliferyl octanoate (DiFMU octanoate; Table 2.3, entry 3a). 
Retention of activity was also shown to hold true for HRP and GOx.78 In ensuing 
investigations it was shown that in addition the membrane of PS-PIAT polymersomes could 
be specifically loaded with enzymes, which was accomplished by first encapsulating an 
enzyme in the interior of the polymersomes, followed by lyophilization of these aggregates. 
After redissolving the resulting biohybrid in THF it was redispersed in an aqueous medium, 
leading to immobilization of enzymes inside the polymersome m em brane.79, 80 This allowed 
the authors to assemble different enzymes into different spatial positions of the 
polymersome, mimicking the spatial positioning of enzymes in cells.
The most well-defined system was realized by combining encapsulation in the 
interior of the polymersomes and membrane encapsulation with the surface immobilization 
of enzymes, in one PS-PIAT polymersome (Figure 2.11).81 In this work, GOx was encapsulated
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in the interior, and CALB was embedded in the polymersome bilayer. Additionally, the PS- 
PIAT was mixed in with a PS-PEG carrying an azide moiety (PS-PEG-N3) at the hydrophilic 
end.81 This allowed the covalent immobilization of enzymes by the copper(I)-catalyzed union 
of the PS-PEG-N3 to terminal alkynes that were introduced onto the enzyme.82 Hence, azido- 
HRP was conjugated to the surface of the polymersome, selectively positioning three  
different enzymes at three different locations of the same polymersome. The functionality of 
all enzymes was tested by an assay similar to the resorufin assay (Figure 2.7), but instead 
using the dye 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid (ABTS, Table 2.3, entry  
2b) as the substrate for HRP. Furthermore the glucose provided for the generation of H2O2, 
by its oxidation by GOx, was supplied as its glucose acetate, which in the first step of the 
cascade was hydrolyzed to glucose by the action of CALB. The resulting three-enzyme  
cascade was kinetically analyzed, and it was suggested that the activity of HRP had no 
influence on the overall reaction rate, probably as a result of its spatial position (see also 
chapter 5 of this thesis).80
Figure 2.11: Schematic representation of a multistep reaction performed in PS-PIAT polymersomes. (1) Monoacetylated glucose is 
deacetylated by CalB, which is embedded in the polymersome membrane. (2) In the inner aqueous compartment, GOx oxidizes 
glucose to gluconolactone, providing a molecule of hydrogen peroxide. (3) Hydrogen peroxide is used by HRP to convert ABTS to 
ABTS^+. HRP is tethered to the polymersome surface.80
The methodology of incorporating enzymes in the polymersome membrane or in the 
polymersome interior was also used by Nallani et a l.,83 who investigated the ring-opening 
polymerization of several lactones by CALB, which was positioned in either the membrane or 
the w ater pool of a polymersome. It was found that the activity of the latter assembly was 
comparable to that of the free enzyme (high molecular weight esters were form ed) whereas
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the membrane-bound CALB only produced short oligoesters. In both cases, the formed
It appears that the literature on the use of polymersomes as nanoscale enzymatic reactors, 
is dominated by PS-PIAT and PMOXA-PDMS-PMOXA polymersomes, mostly owing to the fact 
that permeability of the membrane does not severely limit the action of the enzyme. Only 
very recently, some new systems have been added to this repertoire.
An elegant approach to polymersomes with controllable permeability was recently 
reported by van Hest et al, who used PS-b-PEG and a minor fraction (< 10 %) of the block 
copolymer PEG-b-polystyrene(boronic acid) to assemble the polymersomes (Figure 2.12). An 
interesting property of the latter polymer is its dissolution in aqueous solutions of high pH 
(pH = 12; i.e., when the boron is ionized) or at a somewhat lower pH (pH = 9-10) when sugar 
molecules are present. W hen CALB was incorporated into the polymersomes and the 
functionalized polymer was extracted from the polymersomes, either by exposure to high 
pH or in the presence of 100 m M fructose, the enzymatic activity of the encapsulated 
enzyme was found to be dependent on the fraction of the boron-functionalized polymer. 
This suggested that holes in the membrane were present of which the diam eter could be 
tuned by varying the amount of PEG-b-polystyrene (boronic acid).84
Figure 2.12: Molecular structure of the block copolymer PEG-b-polystyrene(boronic acid) and the complexation of sugars to this 
polymer under aqueous basic conditions. Upon ionization of the boronic acid at high pH, or upon complexation with fructose 
(depicted as a diol), the block copolymers become water-soluble.
Vancso et al. employed the (largely impermeable) PS-PAA polymersomes as nanoreactors for 
enzymatic reactions and studied the effect of confinement on the activity of trypsin. The
variation of the concentration of the PS-PAA polymer in the organic solvent used for 
dissolution of the polymer. The substrate rhodamine 110 bis-(CBZ-L-arginine) (Table 2.3, 
Entry 6) was co-encapsulated with trypsin into the polymersomes and the progress of the 
reaction was be followed by fluorescence microscopy. The need for removal of the non­
polymers were found to destabilize the vesicle membrane (see chapter 7 of this thesis).
d iam eter of these polymersomes was varied between 30 and 250 nm.85 This system has 
been pioneered by the group of Eisenberg,86 who found that its d iam eter can be varied by
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encapsulated enzyme and substrate was circumvented by adding the NaNO2 to the mixture, 
which immediately converted the fluorescent product outside the vesicles into its non- 
fluorescent nitroso-compound. This allowed the determ ination of the concentration of both 
the product and the enzyme in the interior of the vesicles and, subsequently, the 
determ ination of the enzyme kinetics in the container. W hen the size of the polymersomes 
decreased, the kcat (the number of substrate molecules converted by one enzyme molecule 
per second) of the enzymes increased, while the Michaelis M enten constant (KM; the 
substrate concentration at which half of the active sites of the enzymes are taken) 
decreased. The param eter kcat /  KM, i.e. the catalytic efficiency of the enzyme, showed an 
increase of three orders of magnitude compared to the free enzyme. This significant effect 
was suggested to result from the increasing collision rate of the enzyme and the enzyme­
substrate complex with the walls, leading to an increased binding of substrate to the enzyme 
and, subsequently, a higher turnover.85
2.3.4 Viruses and other protein cages as reaction vessels
The encapsulation of catalysts into protein cages is mostly restricted to inorganic materials.87 
Encapsulation of proteins or enzymes is reported less frequently, most probably because 
their dimensions do not allow the facile introduction of macromolecules. However, an 
interesting report described the encapsulation of horseradish peroxidase into the capsule of 
cowpea chlorotic m ottle virus (CCMV), which was reversibly disassembled at pH = 7.5, and 
assembled again in HRP solution at pH = 5 (Figure 2.13).85 After removing the non­
encapsulated enzyme, a small fraction of the capsids was found to contain a single molecule 
of HRP. The activity of the capsid was probed at the single molecule level with confocal 
fluorescence microscopy (CFM), using the pro-fluorescent substrate dihydrorhodamine 6G. 
This showed that bright fluorescent spots appeared inside the capsules upon turnover of the 
substrate by HRP. By following the diffusion of the fluorescent product in tim e and fitting the 
data to mathematical diffusion models, it was shown that the characteristic diffusion time  
(the tim e a molecule spends in the scanned volume) of the fluorescent product molecules 
formed in the virus cavity lagged far behind that of fluorescent molecules that were free in 
solution. This is the result of the hampered diffusion of the fluorescent molecule through the 
small pores of the capsid molecule. Indeed, this diffusion tim e decreased when the pores 
were widened by increasing the pH.86
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Figure 2.13: A: Scheme for the encapsulation of HRP (E) into CCMV capsids. At pH = 7.5 the cage disassembles into dimers and the 
enzyme is added (1). After decreasing the pH to pH = 5, the capsid assembles again, thereby incorporating a fraction of the enzyme 
(2). The non-encapsulated enzyme is removed by size-exclusion chromatography. B: CFM image of a 1.68 ^m x  1.68 ^m showing the 
fluorescence of the product that is generated inside the capsid. The inset shows an AFM image of the same area revealing that only 
a small fraction of the capsids present carry the enzyme.86
2.4 Replication and translation reactions in synthetic capsules
Replication is the process by which cells divide and in which the genome has to be copied 
and equally distributed over the resulting cells. Connected with this is the translation 
process in which the genes encoding protein are translated to RNA, which on its turn 
tem plates the correct coupling of amino-acids into proteins. Although replication seems so 
far a daunting task, DNA replication and division have been separately demonstrated in 
liposomes.88, 89
Despite the fact that many enzymes are involved, protein translation has also been 
successfully transferred from the living cell into liposomes. This has not been performed in a 
very controlled manner, but rather by transferring the whole machinery (normally used for 
in-vitro protein expression) into the compartments. Several research groups have 
demonstrated the expression in liposomes of the green fluorescent protein (GFP).90-92 Luisi 
et al., investigated the effect of the encapsulation on the efficiency of the protein production 
and stressed the 'unlikelyhood' of this machinery to end up in its entirety in the volume of 
one liposome.93 Although with liposomes this probability is highly unlikely for capsule 
diameters < 250 nm, they observed clear protein form ation in liposomes of smaller diam eter 
(200 nm). The authors ascribed this effect to a concentration effect on the machinery 
occurring during form ation, along with a possible activity enhancement of the complex.
The expression of fluorescent proteins in liposomes, allows the selection of the gene 
products by fluorescence activated cell sorting (FACS), a technique which can screen and 
isolate thousands of particles per second on the basis of their fluorescence.94 This technique 
has been expanded to include the detection of genes coding for enzymes, which on their 
turn can be detected by the conversion of a pro-fluorescent substrate. This methodology has 
especially been studied extensively for cell-free expression systems based on water-in-oil
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emulsions.95, 96 However, water-in-oil emulsions do not allow the direct introduction of a 
substrate, which has pushed researchers to look for more reliable alternatives, such as 
liposomes. Although interesting information has been extracted from FACS measurements 
on the liposome encapsulated enzymes, also these results have been hampered by the 
limited permeability of the liposomes to externally added substrates. The use of fully 
synthetic polymer vesicles could provide a solution to problems that result from  
permeability and size heterogeneity. Still, not much attem pts have been reported in this 
direction, although a few  papers show promising results.95, 97, 98
Figure 2.13: Principle of the sorting of active enzymes by encapsulation into PS-PIAT polymersomes. The enzymatic activity is detected by 
the fluorescent product which is trapped inside by co-encapsulation of the negatively charged polylysine. By feeding the solution to a flow 
cytometer, the fluorescence of an individual vesicle can be detected. When a detection event happens the fluid is deflected, enabling 
collection in a separate container."
The screening of enzymes based on their enzymatic activity was demonstrated for PS-PIAT 
polymersomes by Nallani et a l."  The polymersomes containing catalytically active enzymes 
could be detected by the fluorescence generated from the turnover of carboxyfluorescein 
diacetate (CFDA; Table 2.3, entry 3b), which is converted to the fluorescent 
carboxyfluorescein by CALB. To prevent diffusion of the fluorescent product out of the 
polymersomes, polylysine was co-encapsulated with CALB. This polycation trapped the 
negatively charged carboxyfluorescein product molecules and thus helped colocalize the 
fluorescent signal with the active catalysts. The thus 'labelled' nanoreactors were screened 
by flow cytometry, resulting in the successful identification of active populations of the  
bioreactors.
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The amplification of DNA inside LbL microcapsules, was reported by the polymerase 
chain reaction (PCR). 100 The encapsulation was effected by emulsification of a PCR mixture 
containing agarose at 40 °C and subsequent cooling, upon which the PCR mixture solidified. 
Ensuing layer deposition yielded the multilayer capsule. As the PCR is operated at elevated  
tem peratures the gelation of the agarose was not of importance in studying the PCR- 
reaction. W here building-block nucleotides (734 g mol-1) were found to diffuse in and out 
the capsule, larger polymeric oligonucleotides (5990 g mol-1) were trapped inside. By 
amplification, a fluorescently labeled DNA could be produced that was detected in the 
capsule. Interestingly, a majority of the capsules maintained their integrity after 35 
tem perature cycles (PCR requires tem peratures of 95 °C). Although no systems have been 
reported yet on protein expression in LbL capsules, this study showed that there seems no 
practical reason why it should not be demonstrated in the near future.
2.5 Energy generation using synthetic capsules
The ultimate energy carrier in living organisms is adenosine triphospate (ATP). Its formation  
from adenosine diphosphate is catalyzed by ATPase and is driven by the presence of a 
proton gradient across the mitochondrial membrane, or, in prokaryotes, across the cell 
m em brane.101 In some bacteria the proton gradient is created by bacteriorhodopsin (BR), 
that utilizes solar radiation to establish the proton gradient. This system can relatively easily 
be reconstituted into liposomes as both are membrane proteins, and the system has been 
used to study the mechanisms of action of both proteins. M ore lately this system for energy 
generation has been suggested to be useful for coupling mechanical energy to 
nanofabricated devices, which could profit from the more stable architectures, such as 
polymersomes.102, 103
Montem agno and coworkers introduced this machinery into polymersomes of the 
triblock copolymer poly(2-ethyl-2-oxazoline)-block-PDMS-block-poly(2-ethyl-2-oxazoline) 
(PEtOz-PDMS-PEtOz; Figure 2 .15).104 BR was embedded in the PEtOz-PDMS-PEtOz 
polymersome membrane to build and maintain a proton gradient over it, which was 
measured by entrapping the pH sensitive dye pyranine (8-hydroxypyrene-1,3,6-trisulfonic 
acid) in the polymersomes and measuring the (pH-dependent) ratio in fluorescence intensity 
between Xem = 402 nm and Xem = 456 nm. A pH drop of 0.09 units was observed in 60 minutes 
of illumination at X = 580 nm. When F0F1-ATP synthase was introduced, production of ATP 
was observed at a rate of 1140 nmole h-1 mg-1 of ATPase. Although this is somewhat less 
than was observed for ATPase activity in liposomes (490 nmole min-1 mg-1 of ATPase),105 this
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clearly shows that both BR and ATPase can be reconstituted in their active form and in the 
right orientation (BR, pumping inward, ATPase outward), in a synthetic polymer membrane.
Figure 2.15: Schematic representation of the conversion of light enery into the chemical energy (in the form of ATP) by the coupled 
action of bacteriorhodopsin (BR) and ATPase (F0 + F1) tethered to a membrane. Upon illumination with light BR starts to pump 
protons inside the vesicle, creating a proton gradient. This gradient then activates the ATPase, which synthesizes ATP from ADP and 
inorganic phosphate (Pi).104
The action of ATPase has also been used to acidify the inner com partm ent of various LbL 
capsules. In this case the protons were either provided by adjusting the pH or by the 
autohydrolysis of gluconolactone that was produced from glucose by oxidation by GOx.106 
M ore recently also the incorporation of bateriorhodopsin into LbL capsules was reported. 
Interestingly, these capsules showed characteristic permeability behaviour. At pH = 9.4 the 
capsules were found to be fully permeable to dyes, whereas at pH = 7.4 they were relatively 
impermeable. This is the reverse of plain PSS /  PAH capsules, which show increased 
permeability at lower pH. The opening of the capsules walls was explained by the fact that 
the optimal pH of bacteriorhodopsin lies around pH = 9.4, causing the acidification of the 
surrounding membrane which opens up because of charge repulsion between the 
polyelectrolyte chains.107
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Tuning the properties of PS-PIAT block 
copolymers and their assembly into*
polymersomes
The diblock copolymer polystyrene-b-polyisocyanoalanine(2-thiophene-3-yl-ethyl)amide 
(PS-PIAT) was prepared by reacting the isocyanide monomer (1) with a Ni(II) initiator 
complex prepared from polystyrene amine (PS40NH2), either obtained by atom transfer 
radical polymerization (ATRP) or anionic polymerization (AP). It was found that 
polymerization of optically pure 1 followed first-order kinetics in monomer concentration 
and resulted in the formation of insoluble block copolymers. The rate of polymerization of 
mixtures of l-1 and d-1 was retarded and yielded block copolymers that were better 
soluble. Furthermore, PS-PIAT polymersomes of which the PS-block was prepared by AP 
were more stable than polymersomes of which the PS-block was prepared by ATRP, as was 
indicated by combined turbidity and dynamic light scattering (DLS) measurements on the 
aggregate solutions.
3.1 Introduction
In recent years block copolymers have received considerable attention as building blocks for 
the construction of well-defined nano-architectures by self-assembly.1-3 In dilute solutions 
amphiphilic block copolymers can form different aggregate morphologies, e.g. micelles, 
vesicles, and helical structures depending on the type and the relative fraction of the 
constituting blocks.4, 5 Block copolymer based vesicles, also called polymersomes,6-11 are 
promising self-assembled systems for which potential applications can be foreseen in drug 
delivery or as nano-sized reactors.12, 13 These vesicular structures are comparable to 
liposomes and cells in the sense that a w ater com partm ent is enclosed by a bilayer-like 
membrane but they are more robust than liposomes.
From a technological point of view polymersomes are more attractive than liposomes 
because of their high stability and the toughness of the membrane compared to the latter
*
This article was published in Soft Matter, 2009, 4, 1003
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aggregates.4 Furthermore, membrane thickness and morphology can be tuned by variation  
of the polymer molecular weight and the relative degree of polymerization of the 
constituent blocks,14, 15 whilst the properties of polymersomes can be readily changed by 
varying the chemical structure of the polymer segments, as is exemplified by the large 
variety of block copolymer structures reported to date that self-assemble into vesicles.10 
Controlled delivery of drugs is a major goal as can be seen from the emerging number of
16 17 io-2ipublications on stimuli-responsive, ' and biodegradable polymersomes. " This them e  
has been extended to the incorporation of proteins with specific functions by which the 
polymersomes can be transformed into smart capsules.22-25 Systems that have been 
extensively studied are the polystyrene-b-poly(acrylic acid) (PS-PAA) block copolymers, 
having a glassy component, and more flexible polymers based on polyethylene oxide (PEO), 
like polybutadiene-b-poly(ethylene oxide) (PB-PEO). Especially PEO-based block copolymers 
may have a great impact on the field of drug-delivery because of their biocompatibility. A 
notable triblock copolymer that has been shown to be compatible with membrane-spanning 
protein channels is poly(2-methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2- 
methyloxazoline) (PDMS-PMOXA-PDMS).26
One of the more complex systems is the vesicle architecture prepared from  
polystyrene-b-polyisocyanoalanine(2-thiophene-3-yl-ethyl)amide (PS-PIAT). The headgroup 
polyisocyanide is a rigid helical polymer that is stabilized by hydrogen-bonding between  
amide functional groups that are n and n + 4 residues apart in the polymer chain. The 
polystyrene block makes this molecule an amphiphile that forms stable aggregates in 
aqueous solutions. In contrast to the above-mentioned polymersomes these polymers are 
able to assemble into vesicular aggregates that are porous to low molecular weight organic 
substances. Furthermore the thiophene functions in the PIAT headgroups can be 
polymerized after self-assembly, increasing the stability of the aggregates.27 In this chapter 
we present a thorough examination of the polymerization properties of PS-PIAT and their 
self-assembly conditions. An important factor was found to be the stereochemistry of the 
polyisocyanopeptide block, which determines the polymer solubility and related 
polymersome formation. In addition, the nature of the polystyrene-block turned out to 
influence the stability and morphology of the aggregates. Control over these parameters is 
crucial for the further development and application of this polymersome system in fields like 
biosensing and biotechnology.
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3.2 Results and Discussion
3.2.1 Synthesis of block copolymers
The thiophene containing isocyano alanine monomers, for the preparation of the 
polyisocyanide group, were prepared via their corresponding formamides (Scheme 3.1). Two  
different routes were followed to obtain the formamides. The first route involved the direct 
coupling of the N-formyl amino acid to the thiophene-am ine (Scheme 3.1; route 1). It is 
known, however, that N-acyl amino acids can undergo epimerization via oxazolone 
form ation, if the acid group is activated.28 A second route preventing racemization therefore  
was adopted, which involved coupling of the |3-3-thienylethylamine to Boc-protected L- 
alanine (Scheme 3.1, route 2). The optical rotations of 1 prepared by routes 1 and 2 were 
[a ]D20 = -40°-cm2-g-1 and [a ]D20 = -54°-cm2-g-1, respectively. Using chiral HPLC the amount of 
racemization of 1 prepared by route 1 was determined to be 22%, whereas 1 obtained via
route 2 was optically pure. 29
route 2 HI
Scheme 3.1: Synthesis of 1 via the two routes; i) LiAlH4, Et2O; ii) N-formyl-L-alanine, DCC, DMAP, CH2 CI2; iii) Boc-L-alanine, EDC, 
HOBt, TEA, NMM, CH2 Ch; iv-1) HCl/EtOAc; iv-2) HCO2 Et, HCO2 Na; v) ClCO2 CCl3, NMM, CH2C2.
Isocyanides can be polymerized in the presence of Ni(II) salts using an amine as the 
initiator.30 For the preparation of block-copolymers of isocyano-L-alanine(2-thiophen-3-yl- 
ethyl)amide (1) and PS, macromolecular initiator complexes obtained by reacting amino- 
term inated PS with the nickel salt of tert-butyl isocyanide were used (Scheme 3.2).31, 32 
Polymerization of the isocyanide was initiated by adding the macromolecular initiator 
complex to a solution of 1. The PS was obtained via two routes, viz. atom transfer radical 
polymerization (ATRP-PS) and anionic polymerization (AP-PS), resulting in diblock 
copolymers PS-PIAT 2 and 3 that differed slightly in the structure of the PS segment.
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Scheme 3.2: Polymerization of isocyanide 1 with initiator complexes derived from PS obtained either via ATRP or via anionic 
polymerization. The highlighted structure in the square shows the helical fold of the isocyanide backbone and the stacking of the 
side groups n and n + 4 above each other.
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Table 3.1: Abbreviations and labels for the PS-PIAT diblock copolymers used in this study. The nature of the PS-block is indicated, as 
well as the ratio of enantiomers of isocyanide monomer 1 used in the polymerization reaction.
Name Designation PS obtained by Ratio l-1 /  d-1
PS40-b-PIATn+ 2a ATRP 100 : 0
PS40-b-PIATn 2b ATRP
Ln2
Ln
PS40-b-PIATn 2c ATRP 50 : 50
PS40-b-PIATn 3 AP 75 : 25
+ For synthesis and analysis details see paragraph 3.5.1
Polymerization of optically pure 1 initiated by either of the two initiator complexes 
proceeded rapidly and the reaction mixture became turbid within 5 minutes, indicating 
precipitation of the polymeric material from solution. Remarkably, reaction mixtures in 
which partly racemized 1 was used remained clear and consumption of monomer took at 
least 1 day.29 To investigate the influence of the optical purity of the monomer on its rate of 
polymerization the polymerizations of enantiopure L-1, as well as a 75/25 and a 50/50
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mixture of L-1 to D-1, were studied by using 1/50 molar equivalents of the nickel complex 
prepared from ATRP-PS as initiator, yielding 2a -  2c (Table 3.1).31-33 The 75/25 mixture of 
monomers was also copolymerized with the initiator complex obtained from AP-PS, yielding 
3.
During the polymerization reaction, samples were taken at 1 hour intervals and the 
area of the isocyanide stretching vibration at 2139 cm-1 in the infra-red spectra was plotted 
versus time (Figure 3.1A). The rate of polymerization of optically pure isocyanide obeyed 
first-order kinetics (kp = 0.32 L-mol-1-s-1) up to a conversion of 1 of ca. 85% (Figure 3.1B, open 
triangles), after which it deviated. A clear deviation from the first-order kinetics was 
observed in the block copolymerization experiments with mixtures of enantiomers (Figure 
3.1B, open squares and open triangles). For both the 75/25 and 50/50 polymerizations the 
initial reaction rate appeared to be equal to that of the enantiopure 1 , but progressively 
slowed down during the reaction, reaching a final state after 24 hours. With respect to 2b 
this point was reached at a monomer conversion of 75% and for 2c at 45%. The 
enantiopurity of the sample apparently determines both the rate of the reaction and the 
conversion.
Figure 3.1: A: Conversion of isocyanide 1 as a function of time. Inset: the initial 5 hours of the polymerization reaction. B: The 
corresponding first-order rate plots. Legend: & = 2a (optically pure isocyanide); o = 2b (75/25):, ◊ = 2c (50/50) and ■ = 3 (75/25). For 
each polymerization the initial concentration of isocyanide was 20 mM and the monomer to catalyst ratio was 50/1. The catalyst 
was prepared from ATRP-PS.
When monitoring the increase of the amide NH-stretching vibration in the IR-spectrum of 2b 
and 2c the same trend was observed, indicating that the formation of the helix occurred 
simultaneously with the incorporation of the isocyanide.34 Remarkably, the plot for the
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increase in NH-stretch of 2a did not show first-order kinetics but instead showed a similar 
trend as observed for the racemic monomer.
Upon polymerization, the amide vibrations of polymers 2a-c showed large shifts to 
lower wave numbers, indicative of the formation of a hydrogen-bonding network.33, 35 The 
formation of H-bonds was also indicated by 1H-NMR based on the observed large downfield 
shifts (A5nh = 1.8 ppm) of the amide protons of the polymers. Interestingly, the IR-spectrum 
of 2a displayed two rather sharp peaks at 3325 and 3272 cm-1, resulting from the hydrogen- 
bonded amide, whereas 2b and 2c showed a single broad peak around 3280 cm-1 (Figure 
3.2). Probably for the enantiopure polymer H-bonds cannot only form between residues n 
and n + 4 in the helix but also between other residues, such as n + 3 or n + 5. For the Amide I 
vibrations (v  = 1684 to 1654 cm-1) the largest shift was observed for the polymers prepared 
from the (partly) racemic monomer, whereas the Amide II shift (v =  1529 to 1539 cm-1) was 
largest for the optically pure polymer. Comparing these results with previously reported data 
on isocyanodipeptides, it appears that the PIAT block obtained from optically pure 1, 
resembles more the poly(isocyanoalanyl-alanine)s (PIAA) with respect to the hydrogen­
bonding network than the poly(isocyanoalanyl-glycine)s (PIAG). In this latter polymer H- 
bonds between side chains are only partially present.36
2a
2b
2c
wavenumber (cm-1)
Figure 3.2: IR-spectra in the region of the NH-stretching vibration of samples of 2a-c taken from the reaction mixtures during 
polymerization. Samples were taken after 2 hours and 12 hours for polymers 2a and 2b-c respectively. Free NH corresponding to the 
monomer is found at 3439 cm 1. The NH-stretching vibrations of the polymers appear at lower wave numbers because they are 
involved in hydrogen-bonding.
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The Cotton effect at ca. 300 nm in the circular dichroism (CD) spectra of chiral
*
polyisocyanides originates from the n ^ n  transitions of the helically arranged backbone 
imine functions, which in some occasions is influenced by contributions from the chiral side 
chains.37, 38 The latter contributions often obscure the couplet typically observed for helical 
molecules.39 For polyisocyanopeptides like L, l-PIAA, in which hydrogen-bonding arrays were 
shown to be present between side-chains n and n + 4 in the helix, a single intense Cotton 
effect centered around X  = 315 nm was observed, while for l-PIAG, which does not have 
well-defined hydrogen bonding arrays, a couplet with lower intensity was measured.36 For 
the form er polymer it was suggested that the ordering of the side chain amides is reflected
*
in the imine n ^ n  transitions. Because of the hydrogen bonds, the amide carbonyls in one 
particular array likely all point in the same direction and the resultant permanent dipole is 
expected to influence the nearby n ^ n  transitions of the imine group considerably.36
Diblock copolymers of optically pure L-1 and racemized 1 showed similar UV-spectra
*
having a small shoulder as a result of the n ^ n  transitions at approximately X  = 290 nm at 
the onset of a much more intense band in the far UV-region. This shoulder is responsible for 
the signals in the CD-spectrum in the range from X  = 250-500 nm; a broad negative Cotton 
effect with a maximum at X  = 288 nm was observed for all polymers (Figure 3.3). Because 
the molecular weights of the polymers could not reliably be determ ined, the exact 
concentration of the diblock copolymer in solution was unknown (see below). The intensity 
of the CD-signal was therefore divided by the absorbance to give the asymmetry factor, g = 
Ae/AA, which is independent of concentration.40 The magnitude of g was found to depend 
linearly on the enantiomeric excess (ee) of the monom er used (Figure 3.3, inset). This 
indicates that for the studied materials the optical purity of the monomers is directly 
transferred to the resulting polymers. No difference was observed between block 
copolymers of PS-PIAT in which the PS segment was obtained via ATRP or AP.
Although the IR data are in line with hydrogen-bonding between the side-chains of 
the PIAT-block, the CD-spectra suggest that the PIAT-blocks of 2a-c have a less well-defined  
structure than the main chains of previously studied polyisocyanopeptides, such as l, l- 
PIAA.35,36 Possibly, the kinetically determined structure of the helix that is formed, already 
during polymerization converts to a thermodynamically more stable one. This kind of 
process was also observed for polyiscyanodipeptides such as PIAG,41 and is similar to the 
unfolding known to occur in 'classic' polyisocyanides.42 Polyisocyanides derived from |3- 
amino acids were also reported to revert, on standing in solution, from a kinetically 
determined structure to a thermodynamically more stable one, as reflected in the CD
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spectra.43 Interestingly, for these polymers it was observed that both the helical 
arrangement and the hydrogen-bonding network remained intact and only minor changes 
occurred in the corresponding spectra.
wavelength (nm)
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Figure 3.3: CD spectra of block copolymers 2a, 2b and 2c. Except for the intensity of the Cotton effect no difference was observed 
between 2a on the one hand and 2b and 2c on the other hand. A plot of the normalized intensity, g, versus ee is shown in the inset 
indicating that the excess helix sense depends linearly on the ee of the monomer used.
Apart from its intensity, the shape of the CD-signal of polymer 2a was similar to those of the 
polymers prepared from the (partly) racemic monomer mixtures, pointing to a similar 
structural organization of the helical polymer main chains. This is noteworthy, since during 
polymerization 2a rapidly appeared to precipitate and the polymerization kinetics differed 
from those observed for 2b and 2c. Apparently, the solubility properties of the block 
copolymers, which are dictated by the PIAT segment, are related to the propagation rate of 
the polymerization reaction. Since the CD data and minor differences in the IR spectra 
suggest no outspoken structural differences, we tentatively conclude that a fast propagation 
reaction in the case of the monomer leading to 2a yields an insoluble high molecular weight 
PIAT block. This is in line with the presence of free PS homopolymer (hPS) in the material, 
even after full conversion of the monomer L-1 (see below).
The polymerization rate of optically pure L-1 is first-order in monomer concentration 
and the rate constant is calculated to be kp = 0.32 L-mol-1-s-1. The presence of D-1 in the 
reaction mixture, appears to hinder the incorporation of L-1 into the growing helix, thereby 
slowing down the reaction rate. A reduced propagation rate (as compared to the initiation
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rate) will allow more, if not all, the initiator complexes to partake in the polymerization 
reaction, resulting in shorter PIAT-block with improved solubility. The presence of a chiral 
impurity therefore seems to be essential to the form ation of the soluble di-block 
copolymers.
The retarded incorporation of L-1 by its opposite stereoisomer is probably the result 
of steric interactions between the respective monomers when they coordinate 
simultaneously to the nickel center.34, 44, 45 The chance of tw o monomers of opposite 
configuration coordinating to the nickel centre is highest for the 50 /5 0  polymerization, 
which showed the lowest polymerization rate (Figure 3.1). During polymerization, either 
both enantiomers are incorporated into the same growing helix, or one particular 
enantiom er has first to be exchanged on the metal for its stereoisomer before inclusion in 
the growing chain is possible, after which the polymerization proceeds further. In both cases 
the rate of polymerization will be slowed down. The retarded incorporation of L-1 into the 
growing helix in the presence of its enantiom er is reminiscent of the process described by 
Kamer et al,46 who found that one helix sense is preferred over the other when an achiral 
isocyanide is polymerized in the presence of a bulky optically pure (slowly polymerizing) 
chiral isocyanide. Instead of the retarded incorporation of an achiral monomer by the 
presence of optically active isocyanide as in the case of Kamer, the present polymerization of 
optically active isocyanide is retarded by the presence of its other enantiomer.
The polymerization reactions leading to 2b and 2c, show some resemblance with the 
polymerization of (pentamethyl phenyl)ethyl isocyanide reported in the literature.47 For this 
polymerization a slow initial polymerization was followed by a linear conversion of monomer 
in tim e. The kinetics could be described as first-order, but with a 'sliding' rate-constant.47, 48 
Applying this concept to the polymerization of the 50 /50  mixture of l- 1 /d- 1, the propagation 
rate is calculated to be kp = 0.07 L-mol-1-s-1. For the 75 /25  mixture, the calculated value is kp 
= 0.12 L-mol-1-s-1. Extrapolation towards 100 % ee leads to a value of kp = 0.27 L-mol-1-s-1 for 
the polymerization of the enantiopure L-1. This is in reasonable agreem ent with the 
experimentally observed rate constant of kp = 0.32 L-mol-1-s-1, suggesting that the 
propagation rate indeed varies linearly with the ee of the m onomer mixture.
In the case of (pentamethyl phenyl)ethyl isocyanide, it was suggested that the 
initiation rate compared to the polymerization rate was relatively slow.47 As a result not all 
chains were initiated simultaneously, leading to a broad molecular weight distribution. Using 
GPC a broad molecular weight distribution was also found for the block copolymer 2b
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(Figure 3.4).+ A significant signal with low polydispersity was observed at longer elution  
times, corresponding to the polystyrene homopolymer (hPS). No difference was observed 
between polymers 2b and 2c. Interestingly, for 3 a broad unimodal distribution was 
observed with a M n of 11,500 and a rather high polydispersity index of 2.2. Rather 
unexpectedly, as indicated by GPC, the AP-PS polymer used in the initiator complex behaved 
differently in the copolymerization reaction than the ATRP-PS polymer. This is remarkable 
since the kinetic analyses indicated no notable differences between reactions initiated with  
AP-PS-Ni(II) and ATRP-PS-Ni(II) complexes (Figure 3.1).
0 4 8 12 16
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Figure 3.4: GPC traces of PS-PIAT (2b, black trace) and (3, grey trace) of which the PS-block was obtained via ATRP and AP, 
respectively. Only 2 showed a bimodal distribution pattern with a considerable portion of unreacted PS still being present. 
Remarkably, for AP-PS the initiation process appears to be considerably more efficient than for ATRP-PS, resulting in a unimodal 
molecular weight distribution.
The presence of homopolymer in the case of the polymerization with ATRP-PS-Ni(II) points 
to incomplete formation of the nickel carbene complex or to blocking of its catalytic activity 
in the polymerization reaction. Such inhibition could be the result of coordination of the 
carbonyl group in the linker of ATRP-PS to the nickel centre, thereby hindering incoming 
monomers. Involvement of the bromine end-group of the ATRP-PS cannot be excluded but 
seems to be more unlikely because of its distance from the nickel centre. Partial and 
preliminary term ination of the polymerization reaction may also explain the observed higher 
M n for the PIAT block in the copolymer prepared with ATRP-PS (DP = 60, as estimated from  
*H-NMR) compared to the PIAT block in the copolymer obtained with AP-PS (DP = 25).
f Due to tailing the molecular weight distribution of polymer 2a could not reliably be determined. For 2c see 
the Electronic supplementary information of H.M. de Hoog et al. Soft matter, 2008, 4, 1003-1010
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3.2.2 Aggregation behaviour
As was previously shown, PS-PIAT diblock copolymers aggregate in a selective solvent to 
form polymersomes.27 Since the optical purity of the monomer was found to influence the 
polymerization of the block copolymer (vide infra), it was reasoned that it might also have an 
effect on the aggregation behavior of the amphiphilic block copolymer. Indeed, transmission 
electron microscopy (TEM) analysis showed that when a diluted THF solution of 2a was 
injected into water, only irregular aggregates were formed with no clear morphology. Block 
copolymers 2b and 2c both showed vesicular aggregates with diameters between 150 and 
1000 nm. No difference could be observed between block copolymers of differing optical 
purity, suggesting that not the optical activity, but merely the presence of a chiral impurity, 
and the resultant changes in block copolymer properties, influence the morphology of the 
formed assemblies.
Figure 3.5: A-D: TEM and SEM images of aggregates formed by injecting 0.5 ml of a 1.0 m gm -  THF-solution of PS-PIAT into 2.5 ml 
ultra-pure water A: SEM image of polymersomes formed from 2b (scale bar = 2 ^m). B: TEM picture of the 2b, showing the 
membrane (scale bar = 2 ^m). C: Monodisperse spheres of 50 - 80 nm diameter formed from PS-PIAT block copolymer of which hPS 
was removed by repeated precipitation (2d; (scale bar = 1 ^m; SEM)) D: In contrast to polymersomes formed by the native block 
copolymer the spherical aggregates formed by 2d have a reduced and uniform density (scale bar = 1 ^m; TEM).E: Size-distribution 
of aggregates formed by 2d at 24 h.
An interesting observation was made for samples of 2b from which the excess hPS (~40% 
w /w ) was removed by precipitation, giving 2d. Whereas 2b showed vesicular aggregates 
with diameters ranging from 150-500 nm, the aggregates formed from 2d were almost an 
order of magnitude smaller (50-80 nm) and had a more solid appearance (compare Figure
3.5 A & B). The polymersomes observed for the native material, occasionally showed holes,
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in that way revealing their hollow interior. In contrast, the aggregates formed from the 
purified PS-PIAT looked more solid and had a uniform, reduced density under TEM, 
resembling micelles (Figure 3.5 C & D). Investigation of the structures formed in water by 
DLS revealed the presence of particles with a mean radius of 200 nm after 24 h for 
dispersions of 2b while dispersions of 2d showed the presence of aggregates with a mean 
radius of around 80 nm (Figure 3.5 E), within the same time frame. The difference in 
diameter between aggregates of 2b and 2d is thus supported by the DLS measurements 
although, although the dimensions deviate somewhat from that of the EM measurements. 
This size difference is probably due to the high vacuum conditions of the TEM microscope 
which leaves the aggregates completely dry and not swollen by solvent.
It is known that the morphology of (block copolymer) vesicles can be influenced by
varying the ratio of the two blocks or by varying external factors like pH, temperature and
8 10 11the addition of homopolymer. ' ' Lu and Eisenberg showed that the morphology of PS- 
PAA aggregates could be changed from vesicles to micelles upon addition of hPS.49 In this 
particular study, aggregation was induced by adding water to a DMF solution of the block 
copolymer. Under different aggregation conditions (i.e. by direct dissolution in DMF 
containing 7% water) the morphogenic effect observed upon the addition of hPS was clearly 
different.50 The morphologies of block copolymer aggregates not always represent 
equilibrium structures,7, 51, 52 but in general change from spheres to rods to vesicles and 
eventually to bilayers as the hydrophilic volume ratio is decreased. The micellar morphology 
seen for 2d (Figure 3.5), seems to be in accordance with what is expected for block 
copolymers with a relatively large headgroup. The presence of hPS will increase the 
hydrophobic volume, leading to a change in morphology from micelles to vesicles.
3.2.3 Polymersome stability
It was observed that without dialysis, polymersome solutions of 2 generally precipitated 
within 24 - 36 hours. Dispersions of 3 were found to be stable for at least 72 hours. 
Previously, it was shown that PS-PIAT polymersomes slowly increase in size by fusion of the 
vesicles over a period of 48 hours, after which a stable dispersion is obtained.27 This growth 
coincided with an increase in turbidity of the polymer dispersions. To obtain a qualitative 
measure of the apparent difference in stability of the aggregates formed by polymers 2b and
3, self-assembly was induced by injecting THF solutions of the materials into water and 
subsequently measuring the turbidity at A=  660 nm during 24 hours. At this wavelength the
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polymers only show minor absorbance and the observed increase in the optical spectra is 
attributed to a change in dimension or morphology of the aggregates.53
Mean turbidity values for 10 samples of 2b and 3 are shown in Figure 3.6A. For both 
polymers a lag tim e during which the absorbance remained constant was observed. The 
graph clearly shows that the lag tim e is longer (i.e. 12 h) for polymer 3, after which the 
absorbance seems to increase and then to level o ff after 15 h. Eventually, after 20 hours, the 
turbidity again increased, concomitant with the appearance of a precipitate because 
turbidity was measured in open vials. This could be the result of the slow evaporation of the 
aqueous solvent. Measuring the turbidity change at 24 hours-intervals for samples in sealed 
vials, it was observed that for 2b precipitation of material still occurred at 24 hours, while for 
3 the development in turbidity observed was stretched over a longer time-scale with  
precipitation occurring after 72 hours (Figure 3.6A; inset).
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Figure 3.6: A: Increase in absorbance at 660nm for aggregate solutions of PS-PIAT block copolymers. Turbidity values were 
measured in vials open to the air for 2b (•) and 3 (•). A: Inset: Turbidity measured in sealed cuvets for 2b (•) and 3 (•). B: 
Concomitant increase in radius for dispersions of 2b (•) and 3 (•). Both polymers show an increase in radius in time, but the increase 
for 3 is only minimal compared to polymer 2b.
Samples were taken from the sealed vials after 0.5, 24 and 48 hours, to study their 
dimensions with DLS (Figure 3.6 B). The initial radius of the aggregates (at t = 0.5 h) was 
approximately equal for both polymers and rather small (100 nm). After 24 hours, 
concomitant with the high turbidity of the dispersions, vesicles formed from 2b (as observed 
with EM; Fig. 3.5 B and C), ranging in diam eter between 150 and 500 nm. Although the 
turbidity of dispersions of 2b had remained fairly constant at 48 hours, DLS showed the 
vesicles' mean diam eter to have increased in size to an average of 2 |am. The constant 
turbidity may be explained by the fact that, concomitant with the growing of the vesicles, 
precipitation was observed, which might counteract the increase in turbidity caused by the
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growing of the vesicles. Vesicles were also observed for dispersions of 3 at 24 hours, but 
here the diameter increased only to an average of 120 nm, and did not show any further 
increase in size over 48 hours.
Based on the above data, it seems that vesicles of 3 are smaller in size and more 
stable than vesicles formed from 2b. Samples were taken from the sealed vials of samples 3 
and 2b after 24 hours, and studied by TEM (Fig. 3.7). Although both samples showed the 
presence of vesicular aggregates, vesicles of 3 appeared to be more well-defined in shape 
and were more randomly distributed on the grid. Vesicles of 2b, on the other hand, tended 
to cluster together and appeared more disperse in size and shape.
Figure 3.7: Vesicular aggregates formed by injecting a 0.5 m g m f1 THF-solution of 2b (left) and 3 (right) into ultrapure water. Both 
samples were taken from solutions with no precipitate in sealed vials after 24 hours standing.
From the results obtained with polymer 2d, in which the excess hPS was removed, together 
with differences in growing behaviour of polymersomes formed from 3 and 2b, two factors 
seem to contribute to the formation of stable polymersomes dispersions. The high rate of 
growing and ensuing precipitation of the aggregates formed by polymers of 2b is most likely 
the result of the excess of unreacted PS (up to 40% w /w ) in the aggregates. If this is not 
present the growing behaviour is absent and micellar aggregates, as observed for polymer 
2d, are formed. This growing behaviour appears to be connected to the presence of THF, 
which, when present with a certain fraction of hPS fluidizes the membrane and allows the 
organization of the PS-PIAT into the polymersomes. As THF evaporates, however, the 
membrane becomes less fluid and eventually the process halts, leading to a stable 
configuration or to precipitation. That evaporation of THF is important is apparent from the 
observation that the formation of aggregates occurred at an extended time scale when 
vesicles were allowed to form in vials closed to air.
The successful formation of polymersomes thus depends on the weight fraction of 
hPS, the evaporation rate of THF and also indirectly on the polymerization rate of the
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isocyanide monomer. For polymersomes obtained from 3 these parameters seem to be 
most optimal for polymersome form ation. Polymersomes formed from 2b, on the other 
hand show a tendency to precipitate, because of the presence of a large fraction of hPS. 
Furthermore, because the presence of hPS results from an uncontrolled term ination process 
of the PIAT polymerization, the exact amount of hPS present in aggregates of 2b varies and 
consequently leads to a higher dispersity in size and a variation in stability among separate 
batches as well.
3.3 Conclusion
In order to obtain a well-defined copolymer system suitable for further explorations, such as 
drug delivery and nano-reactors, polymersome-forming block copolymers of polystyrene and 
a thiophene containing isocyanopeptide were synthesized and, in particular, the aggregation 
behavior was studied. It was observed that for the form ation of well-defined polymersomes 
from these block copolymers tw o factors are of crucial importance. First, the formation of 
soluble samples of PS-PIAT is determined by the optical purity of the starting monom er 1. 
The presence of both enantiomers results in a decreased rate of polymerization of the PIAT- 
block compared to the optically pure monomer. The resulting block copolymer is soluble, 
whereas the polymerization of optically pure 1 occurs rapidly leading to polymer material 
that for the major part is insoluble. This difference in solubility is tentatively explained by the 
relatively high molecular weight of the enantiopure polymer.
Full initiation of 1 with the PS containing macro-initiators is found to depend on the 
nature of the PS block. AP-PS shows full conversion of the PS into the block copolymer, while 
samples of PS-PIAT initiated with ATRP-PS are found to contain a considerable portion of 
hPS. The exact nature of this difference is still under investigation, but interaction of 
functional groups (e.g. the carbonyl or bromide moieties) with the nickel center of the 
catalyst likely plays a role. The presence of the PS homopolymer appears to influence the 
aggregation of the block copolymers into polymersomes. Both types of PS-PIAT display 
vesicle formation but polymersomes of PS-PIAT without hPS show enhanced stability in 
aqueous solution.
These results indicate that the chemistry and the aggregation behavior of PS-PIAT 
block copolymers is complex and highly dependent on the structure (i.e. composition, 
relative block length and (optical) purity) of the constituting polymer blocks. Variations in 
this structure may lead to insoluble polymers or relatively unstable aggregates. Careful 
variation leads to polymers that assemble into well-defined and stable polymersomes. At
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present we are investigating the unique properties of these polymersomes further, in order 
to develop catalytically active nano-capsules.
3.4 Acknowledgements
The Research School NRSC-Catalysis, the Royal Netherlands Academy for Arts and Sciences, 
and the Chemical Council of the Netherlands Organization for Scientific Research are 
acknowledged for financial support.
3.5 Experimental
3.5.1 Materials
Amine functionalized polystyrene prepared by ATRP (M n = 4200, PDI = 1.1) was obtained  
from Encapson B.V., Nijmegen, The Netherlands. PS-COOH prepared by anionic 
polymerization (Mn = 4200, PDI = 1.1) was bought from Polymer Source, M ontreal, Canada, 
and converted to the PS-NH2 by procedures described previously . 3 1  Block copolymerization 
experiments are described in Scheme 3.2, where ATRP-PS was used for the synthesis of block 
copolymer 2 and AP-PS for the synthesis of 3. The isocyanide monom er (Scheme 3.1) was 
obtained via the procedure of Vriezema et al, 5 4  except for the synthesis of boc-L-alanine(2- 
thiophen-3-yl-ethyl)am ide (see below).
3.5.2 Synthesis of boc-L-alanine(2-thiophen-3-yl-ethyl)amide
3-3-Thienyl ethylamine (0.30 g, 2.4 mmol) and boc-L-alanine (0.46 g, 2.4 mmol) were 
dissolved in 55 ml of freshly distilled ethyl acetate, and N-methylmorpholine (N M M ; 0.30 g,
2.5 mmol), 1-hydroxybenzotriazole (HOBt; 1.27 g, 9.4 mmol) and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide (EDC; 0.56g, 2.91 mmol) were added. The suspension was stirred 
overnight and subsequently washed (3 x) with 1 0 % citric acid solution and saturated 
bicarbonate solution (3 x). The mixture was evaporated to dryness and the resulting solid 
purified by column chromatography (silica gel; CH2 Cl2 /M eO H  9 9 /1  v/v) yielding a white solid. 
[a]D2 0  (O-bCh c 0.5) = -23°. 1H NMR (300 MHz, CDCfe): 5 = 7.28 (dd, 1H, thiophene H-5, J = 
1.9 Hz, J = 3.1 Hz), 7.00 (m, 1H, thiophene H-2, J = 2.0 Hz), 6.94 (dd, 1H, thiophene H-4, J =
6.1 Hz, J = 1.2 Hz), 6.12 and 4.89 (br, 1H, NHC(O)), 4.08 (m, 1H, CH(CH3 ^), 3.52 (m, 2H, 
CH2 NH), 2.84 (t, 2H, CH2 CH2 , J = 6 . 8  Hz), 1.43 (s, 9H, CH(CH3 h), 1.32 ppm (d, 3H, C(H)CH3 , J =
7.2 Hz). 13C NMR (CDCl3, 50 MHz): 5 = 179.5 and 167.5 (NHC(O)), 139.1 (thiophene C-3),
128.2 (thiophene C-4), 126.2 (thiophene C-5), 121.6 (thiophene C-2), 80.5 (C(CH3 )3 ), 48.6  
(CHCH3 ), 40.0 (CH2 NH), 30.3 (CH2 CH2 ), 28.5 (C(CH3 )3 ), 18.5 ppm (CH3 ). IR (KBr, cm-1) 3342 
(NH), 3092, 2979, 2936 and 2864 (CH), 1685 and 1655 (amide I), 1547 and 1522 (amide II).
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EI-MS: m/z = 298 [M]+ (calcd: 298.41). El. anal. calcd. for C1 0 H1 4 N2 O3S (%): C: 59.54, H: 7.85:, 
N: 9.91, S: 11.35, found: C: 59.66, H: 7.95, N: 9.87, S: 11.19.
3.5.3 Synthesis of polyisocyanoalanine-(2-thiophene-3-yl-ethyl)amide (2a-c)
The polymerization was carried out as described previously . 5 4  For a given polymer the used 
enantiom er ratio of the monomers of 1 is indicated in Table 1. Except for the relative 
intensities of the protons on the polymer segments, the XH-NMR spectra of the products 
were the same. The degrees of polymerization (DP) of the PIAT-blocks of 2a, 2b and 2c could 
not be reliably estimated from their XH-NMR spectra because of the presence of homo-PS 
(hPS; up to 40%). Block copolymer 2b was therefore repeatedly precipitated with petroleum  
ether 40-65 and from the purified fraction the DP of the PIAT-block was estimated to be 65. 
XH NMR (300 MHz, CDG 3 ): 5 = 8.1 (br, NHC(O)), 7.3-6.2 (br, CHPh, thiophene H-5, thiophene 
H-4, thiophene H-2), 5.0-3.6 (br, C=NCH(CH3 ^), 4.0-3.1 (br, th io p h e n e -C ^ C ^ N H ), 3.1-2.5  
(br, thiophene-CH2 CH2 ), 2.2-1.7 (br, CH2 CHPh), 1.7-0.9 (br, CH2 CHPh), 1.6-1.4 (br, CH(CH3 ),
1.3-1.1 (C(CH3 )3 ), 1.0-0.8 ppm (br, CH(Ph)C(CH3 hC(O). 13C NMR (CDG 3 , 75 MHz): 5 = 174-169  
(N=C), 169-159 (NHC(O)), 145.2 (br, CHPhipso), 138.5 (br, thiophene C-3), 128-127 (br, 
CHPhortho+meta, thiophene C-1 and thiophene C-2), 125.2 (br, CHPhpara), 120.7 (br, thiophene 
C-4), 67.8 (C(O)OCH2 ), 62.4 (C=NC(CH3 h), 47-38 (br, CHPh and O-bCHPh), 39.1 (br, 
CH2 CH2 NHC(O)), 38.3 (br, C(O)OCH2 CH2 CH2 CH2 NH), 31-29 (br, CH(CH3 )), 28.4 
(CH2 CH2 NHC(O)), 25.1 (br, C(O)OCH2 CH2 CH2 CH2 NH), 23.0 (br, C(O)OCH2 CH2 CH2 CH2 NH) 22.6  
(br, CH(Ph)C(CH3 )2 C(O) and 20.7 ppm (CH(CH3 ). IR (2a, CH2 Cl2 , cm-1) 3325 and 3272 (NH) 
3092, 2979, 2936 and 2864 (CH), 1659 (amide I), 1602 (C=N), 1540 (amide II), 1494, 1453 (Ar 
C=C). IR (2b, CH2 G 2 , cm-1) 3285 (NH) 3092, 2979, 2936 and 2864 (CH), 1655 (amide I), 1602 
(C=N), 1531 (amide II), 1494, 1453 (Ar C=C). IR (2c, CH2 Cl2 , cm-1) 3281 (NH) 3092, 2979, 2936  
and 2864 (CH), 1654 (amide I), 1602 (C=N), 1538 (amide II), 1494, 1452 (Ar C=C).
3.5.4 Synthesis of polyisocyanoalanine-(2-thiophene-3-yl-ethyl)amide (3)
The polymerization was carried out as described previously . 5 4  XH NMR (300 MHz, CDCl3): 5 =
8.1 (br, NHC(O)), 7.4-6.2 (br, CHPh, thiophene H-5, thiophene H-4, thiophene H-2), 4.8-3.9  
(br, C=NCH(CH3 )3 ), 4.0-3.2 (br, th io p h en e-a -^C ^N H ), 3.1-2.5 (br, thiophene-CH 2 CH2 ), 2.3-1.7  
(br, CH2 CHPh), (1.7-0.8 (br, CH2 CHPh), 1.6-1.3 (br, CH(CH3 ), 1.3-1.1 (br, C(CH 3 )3 ), 0.8-0.6 ppm 
(br, Bu(CH2 CHPh)). 13C NMR (CDG 3 , 75 MHz): 5 = 155 (C=N), 147-143 (br, CHPhipso), 140 (br, 
thiophene C-3), 130-127 (br, CHPhortho+meta), 127-124 (br, thiophene C-1, thiophene C-2 and 
CHPhpara), 113 (br, thiophene C-2), 72 (CH2 OCH2 CH2 CH2 NH), 6 8  (CH2 OCH2 CH2 CH2 NH), 63 
(C=NC(CH3 )3 ), 42-38 (br, CHPh and O-bCHPh), 39.8 (br, CH2 CH2 NHC(O)), 37.5-34 (br, 
CH2 OCH2 CH2 CH2 NH), 32-30 (br, C=NC(CH3 ) 3  and CH2 CH(CH3 )(CH2 CHPh)4 0 ), 28.7
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(CH2CH2NHC(O)), 25.9 (CH2CH(CH3)(CH2CHPh)40), 22.6 (br, CH2CH(CH3)(CH2CHPh)40), 21.4 (br, 
CH(CH3 ) 13.4 ppm (br, CH3 CH2 CH(CH3 )(CH2 CHPh)4 0 . IR (CH2 G 2 , cm-1) 3282 (NH) 3092, 2979, 
2936 and 2864 (CH), 1659 (amide I), 1604 (C=N), 1529 (amide II), 1494, 1453 (Ar C=C). GPC 
(CHCl3, 30°C): M n = 11750, PD = 2.1.
3.5.5 General Methods
Optical rotation measurements were performed on a Perkin Elmer 241 polarim eter and 
chiral HPLC was carried out using a Chiralpak AD chiral column and an UV-Vis detector 
operating at 250 nm. Hexane/2-propanol 8:2 (v/v) was used as eluent at a flow  rate of 1.0 
ml-min-1. IR spectra were acquired with a Bruker Tensor 27 FT-IR spectrometer fitted with a 
liquid cell. Samples for measurement were directly taken from the reaction mixture. The 
formula used for determining the sliding rate constant was:48
r  1 a r  k * a
{kp -  k , ) -  2 3  j  (M  )dt I
, - 1  d ln(M )
log ---------------- kp = log
V 10 dt 2 303 ■V 2-303 0 j  ( 1 )
Gel-permeation chromatography (GPC) was performed with a Shimadzu GPC with Shimadzu 
UV-Vis detector set at 254 nm and equipped with a Polymer Laboratories PLgel 5 |am mixed 
D-column and a PL 5 |am guard column (separation range: 500-300,000 molecular weight) 
using THF as a mobile phase at 30 °C. PS standards were used for calibration. CD spectra 
were recorded on a JASCO J-810. For scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) imaging a JEOL JSM-6630F and JEOL JEM-1010 was used 
respectively. Samples for TEM were prepared by drying a drop of an aqueous aggregate 
solution on a carbon-coated copper grid (Electron Microscopy Sciences, Hatfield, PA) and 
blotting away the excess w ater with a filter paper. No coating or staining was applied for 
TEM. SEM samples were prepared similarly, but the sample was coated by sputtering a 1.5 
nm layer of Pd/Au with a Cressington 208 HR sputter coater fitted with a Cressington 
thickness controller. Turbidity experiments were performed with a 96-well plate using a 
Wallac Victor2 1420 Multilabel Counter at 660 nm. In a typical aggregation experiment, 0.5 
ml of a 1.0 mg-ml-1 solution of PS-PIAT in distilled THF was added drop wise to 2.5 ml of Milli- 
Q water. The solution was slowly shaken by hand to obtain a homogeneous solution. DLS 
experiments were carried out at the High Field Magnet Laboratory in Nijmegen with a 
homebuilt setup fitted with a Coherent CR599 dye laser operating at 600 nm. Samples, 
typically 1.5 ml, were prepared in a spherical glass cuvette and placed in a very stable and 
accurate therm ostat set to 25 °C. Measurements were performed at an angle of 60°, and the 
average hydrodynamic radius of the aggregates was calculated by CONTIN analysis.
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4 Biocatalytic oxidation by chloroperoxidase from Caldariomyces fumago in polymersome
nanoreactors*
The encapsulation of chloroperoxidase from Caldariomyces fumago (CPO) in block 
copolymer polymersomes is reported. Fluorescence and electron microscopy studies show 
that when the encapsulating conditions favor self-assembly of the block copolymer, the 
concentration of incorporated enzyme is 50 times higher than the enzyme concentration 
before encapsulation. The oxidation of two substrates by the encapsulated enzyme was 
studied: i) pyrogallol, a common substrate used to assay CPO enzymatic activity and ii) 
thioanisole, of which the product, ft-methyl phenyl sulfoxide, is an important 
pharmaceutical intermediate. The CPO-loaded polymersomes showed distinct reactivity 
towards these substrates. While the oxidation of pyrogallol was limited by diffusion of the 
substrate into the polymersome, the rate-limiting step for the oxidation of thioansiole was 
the turnover by the enzyme.
4.1 Introduction
Biohybrid compounds that are able to form sub-micrometer (i.e. nano-) stable capsules in an 
aqueous environment by self-assembly are of interest to the biomedical and physical fields 
from both a fundamental and applied perspective.1, 2 W hen loaded with therapeutic proteins 
or enzymes, and made responsive to external stimuli these capsules may be used in 
diagnostics or targeted drug delivery. For diagnostics, the ideal system combines 
permeability to analytes with shielding of its contents to the environm ent.3 Ideally, drugs or 
gene vectors loaded into nano-capsules are protected from the biological surroundings, but 
should be readily released once ingested by the target cell. Alternatively, one could envision 
self-assembled nano-capsules as mild immobilization agents for enzymes to perform  
environmentally benign biotransformations.4, 5 Immobilization of biocatalysts is widely 
applied in order to stabilize the relatively labile enzyme and facilitates removal of the
*
This article was published in Org. Biomol. Chem., 2009, 7, 4604
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catalyst from the reaction mixture. Often, immobilization is accompanied by activity loss as a 
result of either diffusion limitation or the fact that the enzyme has now become a 
heterogeneous instead of a homogeneous catalyst. Encapsulation of enzymes into the nano­
sized volumes of porous polymer capsules diminishes the diffusion limitation while retaining 
the homogeneous nature of the system.
In the past decades we have seen the emergence of vesicular systems as scaffolds for 
the harboring of enzymes, of which the most thoroughly studied systems are liposomes. 
Although progress in the entrapping of enzymes has been made, liposomes generally lack 
stability and disintegrate over tim e.6, 7 In addition, the permeability of the liposomal bilayer 
for externally added substrate molecules is usually low.6 These shortcomings have been 
addressed by cross-linking the membrane and/or by the incorporation of membrane 
channels.8 Recently, bottom -up engineered nano-sized capsule systems have emerged based 
on (amphiphilic) polymers, allowing the tuning of the properties of the corresponding 
particles.9 This has led to a diversity of functional nano-reactors containing enzymes.4, 10-13 
An interesting approach involves layer-by-layer (LbL) assembly, by which oppositely charged 
polyelectrolytes are adsorbed on a sacrificial tem plate .14, 15 This technique allows the 
incorporation of enzymes while an attractive characteristic is the capability to modulate 
permeability of the thus prepared capsule.16 In addition, spatial confinement of different 
enzymes in the LbL-constructs has been shown recently.17 Magnetic nanoparticles constitute 
another emerging platform of enzyme immobilization of which the main advantage is the 
ease by which the catalyst can be removed from the reaction m ixture.18
A promising approach for the synthesis of nano-sized capsules involves the direct 
self-assembly of amphiphilic block copolymers into polymersomes.19, 20 These structures are 
reminiscent of liposomes but exhibit enhanced stability and the possibility to encapsulate 
enzymes has been reported.21 As stability often comes with reduced permeability, 
polymersomes have been equipped with trans-membrane channels even though their 
membrane dimensions exceed that of the natural cell m em brane.22, 23 Furthermore, 
polymersomes have been exploited as a platform to covalently attach enzymes.24-26 
Interesting functional systems have been created based on the triblock copolymer PMOXA- 
PDMS-PMOXA, ranging from pH-switchable nano-reactors to nano-compartments for the 
selective recovery of DNA.22, 27 Unique in this aspect are polymersomes assembled from  
polystyrene-b-poly(L-isocyanoalanine(2-thiophene-3-yl-ethyl)-amide (PS-PIAT), which are 
permeable to low-molecular weight organic molecules but at the same tim e are able to 
retain enzymes.28, 29 Furthermore, the positional assembly of enzymes in either the
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membrane or the aqueous inner com partm ent of PS-PIAT polymersomes has recently been
described.30
Enzymes are environmentally benign catalysts and well suited for the synthesis of 
enantiopure synthons, which is of importance to the fine-chemical and pharmaceutical 
industry.31 This fact has inspired us to encapsulate industrially relevant enzymes inside PS- 
PIAT polymersomes and study their activity. Conversion of industrially interesting substrates 
in polymersomes has not been demonstrated so far. Moreover, studies on nano-scale 
enzyme reactors in aqueous environment generally are limited to substrates selected on
3, 5, 10-13, 16, 32, 33their desirable spectroscopic properties. ' Often, these substrates include fast-
reacting and activated compounds like p-nitrophenyl adducts, the structure of which relies 
on the type of enzyme. Organic synthons do not exhibit these favourable properties and 
generally react at different rates, depending on solubility and affinity and, probably as a 
consequence of this, have been studied in much less detail.
As an example of a potential biocatalyst useful to organic synthesis, we decided to 
incorporate Chloroperoxidase from Caldariomyces fumago (CPO; EC 1.1.11.1) into the 
polymersomes. CPO fills the niche between the cofactor-dependant cytochrome P450 
oxygenases and the hemeperoxidases and is unique in its ability to catalyze the 
enantioselective epoxidation of a variety of alkenes.34 Its industrial application is, however, 
still hindered by the rapid deactivation of the enzyme in the presence of oxidant. At this 
m om ent the mechanism of deactivation is not well understood but seems to result from  
degradation of the heme-group of the enzyme or the oxidation of the axial cysteine ligand.35 
Encapsulation of CPO into polymersomes might have a stabilizing effect on the limited 
operational stability of the enzyme. In this paper, we report on a first step in this direction,
i.e., the functional encapsulation of CPO into PS-PIAT polymersomes and the study of the 
oxidation of tw o different substrates (Scheme 4.1). W e found that the oxidation of pyrogallol 
to purpurogallin, a reaction commonly used to assay peroxidase activity, shows a different 
kinetic behaviour than the oxidation of thioanisole to ^-(phenyl methyl sulfoxide) - a chiral 
pharmaceutical intermediate.
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Scheme 4.1: Chloroperoxidase catalyzed reactions studied in this chapter
4.2.Results and Discussion 
4.2.1. Encapsulation of Chloroperoxidase
In general the incorporation of enzymes into PS-PIAT polymersomes is achieved by addition 
of 1 volume of a PS-PIAT solution in THF (1 mg ml-1) to 5 volumes of an aqueous solution 
containing enzymes (0.2 -  2 mg ml-1).30, 36 During formation of the polymersomes by self­
assembly, statistically a fraction of the enzymes is incorporated into the polymersomes. The 
solution is left to equilibrate for 24 hours and the turbid solution is filtered, to remove the  
non-encapsulated enzyme. Both the enzymatic activity of the flow-throughs and the activity 
of the supernatant containing the polymersomes is measured. Ideally, after sufficient 
washings the activity of the flow-throughs reaches zero while the activity of the supernatant 
is retained, demonstrating the incorporation of the enzyme into the polymersomes.
For incorporation of CPO inside the polymersomes the procedure was adjusted. First, 
the final volume percentage of THF was lowered, because at the initial volume percentage 
(20% v/v) the enzyme was irreversibly deactivated, as was observed by determining its 
chlorinating activity in the presence of increasing amounts of THF (Figure 4.1A).37 It was 
found that at a concentration of 10% THF the enzyme showed similar activity as the enzyme 
in aqueous buffer. In order to have a concentration of PS-PIAT similar to the previously used 
conditions for the successful encapsulation of enzymes, the initial concentration of PS-PIAT 
in THF was doubled.
Although the enzyme retained its activity in aqueous THF, encapsulation in PS-PIAT 
polymersomes was not successful under the conditions (pH = 3, 0.1 M phosphate /  citric acid 
buffer (PCA buffer)) used in the halogenation assay. After several washings with buffer no 
chlorination activity was left in the flow-throughs or in the supernatant, indicating that all 
active protein was washed out. Upon examination of the unfiltered polymersomes by TEM it
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appeared that still spherical aggregates were visible ranging in d iam eter from ~500 nm (the 
size of the regular enyzme-containing polymersomes) to aggregates of more than 10 |am 
(Figure 4.1B). Clearly the combination of enzyme and buffer has a noticeable effect on the 
aggregation properties of the PS-PIAT and apparently affects the encapsulation as well. This 
is also the case for previously encapsulated enzymes like CALB, HRP and GOx, of which the 
resulting polymersomes showed varying sizes and different membrane characteristics.30, 36 In 
addition, dispersions of em pty polymersomes precipitated after a few  days whereas co­
aggregates of PS-PIAT and proteins stayed intact for months.29
0.08 
0.06
T~i
£  0.04 
E
-Q
<  0.02
0
0 5 10 15 20
%TH F (v/v)
Figure 4.1: A: Variation of halogenation activity of CPO with increasing amounts o f THF in 0.1 M PCA buffer, pH = 3.0. B: SEM image 
of spherical co-aggregates o f PS-PIAT and chloroperoxidase in 0.1 M PCA buffer, pH = 3.0. The aggregates show abnormal 
diameters (up to 20 ^m) and seem solid instead of hollow. The dispersions were deposited on holey-carbon grids.
As encapsulation of PS-PIAT at the standard operating conditions of CPO was not trivial, CPO 
was incorporated under the self-assembly conditions reported for PS-PIAT (milli-Q; pH ~ 6). 
It was observed that under these unbuffered conditions the enzyme did not behave 
differently than at pH = 5 in 50 m M acetate buffer.1" At pH 5 or above the halogenating 
activity of CPO is lost but the enzyme is still active in the oxidation of various substrates,
34 38 39which is our reaction of interest. The CPO polymersome activity was measured as the
rate of oxidation of pyrogallol to purpurogallin (Scheme 4 .1 ).40
After preparation of the polymersomes and filtering the dispersion, it was found that 
the oxidation activity was retained in the supernatant, indicating encapsulation of the 
enzyme inside the polymersomes. Investigation of the aggregates by TEM revealed the 
presence of spherical objects (Figure 4.2B), which in contrast to the typical m embrane- 
structure observed for em pty polymersomes, showed a uniform density. However, upon
1 For sulfoxidation of thioanisole at pH = 5: KM = 4 mM, kcat = 2.2*102 s-1, for values in Milli-Q see Table 4.2
67
Chapter 4
closer inspection the membrane was clearly visible (Figure 4.2B, inset). Interestingly, 
functional encapsulation only occurred at starting concentrations of CPO of 3 |aM (0.1 mg ml­
x) or higher. Based on the activity of the resulting CPO polymersomes in the oxidation of 
pyrogallol, the starting concentration of CPO (i.e. the concentration of CPO before filtering) 
did not seem to have an effect on the eventual activity of the aggregates (Figure 4.2A). 
Varying the starting concentration of CPO between 7, 23 and 36 |aM (0.3, 0.9 and 1.5 mg ml­
x) resulted in an activity between 0.4 abs min-1 and 0.6 abs min-1, and was lowest for the CPO 
polymersomes with a starting concentration of 23 |aM. In contrast, activity measurements 
with the free enzyme in a similar activity range showed a linear relation between activity and 
enzyme concentration (Figure 4.2B, inset). From a comparison with the datapoints in the 
graph in the inset, the apparent amount of enzyme in the polymersomes can be calculated. 
For the CPO polymersomes prepared from  a 23 |aM CPO solution, an activity was found of 
0.4 abs min-1. This corresponds to a concentration of 0.1 |aM indicating an encapsulation 
efficiency of 0.5%. Although this is a small number, a low value may be expected when the 
estimated volume fraction of the polymersomes is taken into account (0.1 %) and it is 
assumed that encapsulation is based solely on statistics.30 On the other hand, the retention  
of activity of the CPO polymersomes was found to be considerably lower than observed 
previously.30
Figure 4.2: A: Enzymatic activity measured at 420 nm by the pyrogallol assay (abs m in1) of CPO polymersomes obtained by 
filtration of CPO /  PS-PIAT dispersions with increasing concentrations of enzyme (^M). The inset shows the dependence of the 
activity on the concentration of the free enzyme (y.M) in the same activity range (abs m in1). B: TEM-image of CPO-containing 
polymersomes in Milli-Q (bar is 500 nm). The inset shows a close-up where the membrane structure of the polymersomes is visible 
(membrane measures between 10 -  20 nm).
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The observed results prompted us to investigate in more detail the concentration and the 
location of CPO in the polymersomes. Since the concentration of CPO can be determined  
from the absorbance of the heme group at X = 400 nm the concentration of CPO inside the 
polymersomes was determined by UV-Vis measurements on the aggregate solutions.41 The 
data showed large absorption /  scattering from the polymersomes, but also the distinct 
absorption of the enzyme was visible (Figure 4.3A). To estimate the concentrations of the 
CPO inside the polymersomes the absorbance of the em pty polymersomes was subtracted 
from the absorption of the CPO polymersomes. These calculations showed that the 
concentration of enzyme inside the polymersomes increased linearly from 0.05 to 2 |aM with  
increasing starting concentration of enzyme (Table 4.1). Interestingly, the measured 
concentration of the enzyme inside the polymersomes appeared to be considerably higher 
than the concentration determined from the activity tests.
300 400 500 600 400 500 600 700 800 
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Figure 4.3: A: UV-Vis spectra of CPO polymersomes containing different loadings of CPO (-). The absorption spectrum of free CPO 
exhibiting the characteristic absorption of the heme at 400 nm (--) is shown, as well as the absorption spectrum of empty 
polymersomes (•). B: Absorption spectra of a dispersion of PS-PIAT and CPO labeled with alexa-633 dye, before and after filtering 
off the non-encapsulated enzyme. The initial concentration of CPO was 23 ^M. The straight lines underneath the absorption peaks 
were taken as the base-line for the calculation of the ratio between the peaks.
Table 4.1: Concentration of CPO, as determined by UV-vis, in the initial polymersome preparation (before filtration) and in the 
filtered dispersion. Also shown is the estimated local concentration of the enzyme in the volume of the polymersomes.
Initial CPO concentration (^M)+
9 (± 4) 23 36
Mean concentration in filtered solution 0.05 (± 0.04) 0.9 (± 0.4) 2 (± 0.4)
(^M)+
Encapsulation (%) 0.6 4.0 5.9
Local concentration 0.05 0.8 2.0
in CPO polymersomes (mM)*
+ Mean of 3 measurements. * Based on the assumption that the volume fraction of the polymersomes is 0.0011 and encapsulation 
occurs statistically.
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To probe the location of the enzyme inside the polymersomes the enzyme was labeled with 
the fluorescent dye alexa-633 and encapsulated after which the encapsulated system was 
studied with confocal fluorescence microscopy (CFM; Figure 4.4). Polymersomes containing 
the labeled enzyme were prepared following the exact same procedure as was used for the 
non-labeled enzyme (enzyme concentration before filtration = 23 |aM). The fluorescence 
emission from the CPO polymersomes containing the labeled CPO and the non-labeled 
protein was then studied both at Xem = 505 nm (Xex = 488 nm) and Xem = 650 nm (Xex = 633) 
(Figure 4.4 A&B). At Xem = 505 nm for both systems emission was observed, originiating from  
the PS-PIAT polymer itself (as emmission from the dye is absent below X = 600 nm). At Xem = 
650 nm a different pattern was found, that is, fluorescence emission was only observed for 
CPO polymersomes with labeled CPO (Figure 4.4 C&D). No signal was observed for the CPO 
polymersomes containing non-labeled enzyme. Furthermore when overlaying the 
fluorescence images at Xem = 505 nm and Xem = 650 nm of CPO polymersomes containing 
labelled CPO, the same distribution pattern was observed, confirming that CPO was located 
inside the polymersomes.
labeled enzyme ^  non-labeled enzyme ^
0 50 100
fast [pm]
Figure 4.4: A: Scanning confocal fluorescence microscope (CFM) image at Aem = 505 nm of polymersomes loaded with alexa-633 
labeled CPO. B: Scan at the same wavelength of polymersomes containing non-labeled enzyme showing fluoresence coming from 
the polymersomes. C: Fluorescence image at Aem = 650 nm of polymersomes loaded with labeled CPO showing the emission from  
the labeled CPO. The polymersome distribution on the substrate is the same compared to A as is emphasized by the white 
squares.D: Scan at the same wavelength of polymersomes containing non-labeled enzyme.
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The dye labeling also provided a means of determining the concentration of CPO inside the 
polymersomes more accurately (Figure 4.3B). The labeled CPO shows an intense absorption 
at X = 633 nm and this signal is virtually undisturbed by the adsorption from the 
polymersomes compared to the signal of the heme at X = 400 nm. The ratio in absorption 
between the CPO polymersomes before and after filtration gives the percentage of 
encapsulation, which for a labeled CPO solution containing an initial concentration of 23 |aM 
enzyme gives an encapsulation efficiency of 4%. Moreover, dye labeling experiments with  
initial CPO concentrations of 9, 18, 27 to 36 |aM showed a concurrent, linear increase in CPO 
concentration after filtration, indicating that the encapsulation efficiency was constant over 
the concentrations studied. These results correlated with the calculations based on the UV- 
Vis measurements on the unlabeled protein encapsulated in the polymersomes. The CPO 
polymersomes prepared from 7 |aM CPO solutions give a slightly lower value, which might be 
the result of disturbance of the heme-signal by the absorption /  scattering of the 
polymersomes.For the CPO polymersomes prepared from 36 |aM CPO solutions, the enzyme 
concentration appears to be 50 times of that what it would be if encapsulation is considered 
to be a purely statistical process. Assuming that the volume fraction of the polymersomes is
0.0011, this would lead to a concentration of ~ 0.04 |aM.30 In the present case, the local 
concentration of the enzyme inside the polymersomes is estimated to be 2.0 m M (Table 
4.1). This is a considerable concentration and may explain partly why for CALB, HRP and GOx 
it was found that the encapsulated enzyme was 100-fold more active than the free
30enzyme.
The reduced activity of the CPO polymersomes in the oxidation of pyrogallol and the 
non-linear variation of the activity of the CPO polymersomes in the oxidation of pyrogallol 
with increasing enzyme-loading, points to diffusion limitation which is imposed by locating 
the enzyme inside the polymersomes. Most likely this effect results from the substrate 
having to cross the physical barrier of the block copolymer membrane in order to reach the 
active site of the enzyme (see further).
4.2.2 Sulfoxidation inside CPO polymersomes
Following the successful encapsulation of CPO in the polymersomes and the study of the 
oxidation of pyrogallol, we decided to also study the conversion of a relevant model organic 
synthon. For these investigations the sulfoxidation of thioanisole (methyl phenyl sulfide) to 
^-(m ethyl phenyl sulfoxide) was chosen (Scheme 4.1). Chiral sulfoxides have been used in 
asymmetric synthesis as valuable chiral auxiliaries and the sulfoxyl moiety is frequently
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found in bioactive natural products and synthetic drugs.42 The enzymatic oxidation of this 
compound by CPO has been studied in detail in the field of biocatalysis.43-45 Depending on 
the conditions used the reaction affords the corresponding fl-sulfoxide in high ee (99%) and 
high yields. W hen the enzyme concentration is kept sufficiently high (> 5 m M ), oxidation 
occurs very rapidly, thereby avoiding the non-enzymatic oxidation of the substrate.
It turned out that also sulfoxidation proceeded readily inside the CPO polymersomes, 
showing that the structure of the polymersomes allowed substrate and oxidant to reach the 
active site of the enzyme and did not hamper the introduction of the oxygen into the 
substrate. Importantly, based on chiral gas chromatography (GC), the encapsulated enzyme 
allowed the form ation of the desired sulfoxide in the same high enantioselectivity as 
observed for the free enzyme. W hen the oxidation of thioanisole by the CPO polymersomes 
was followed in tim e a subtle effect of the polymersome structure on the kinetics was 
observed (Figure 4.5). Although the initial rates of the CPO polymersomes and free CPO 
were in the same order of magnitude, the free CPO at a concentration of 60 nM (comparable 
apparent activity as the encapsulated enzyme) showed a 100 % conversion of substrate 
already after 2 minutes, whereas for the CPO polymersomes thioanisole conversion was only 
39 -  65 %. W hen the concentration of free CPO was increased to 1 |aM (the concentration 
determined by UV for the enzyme concentration inside the polymersomes), full conversion 
was already observed at 40 seconds.
1.2
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Figure 4.5: Sulfoxidation of thioanisole in time by CPO polymersomes obtained from filtration of 7 (dots), 23 (diamonds) and 36 ^M 
(triangles) dispersions of CPO and PS-PIAT. The data reported are the average of three measurements. The curves obtained with 
free CPO at 60 nM (dotted line) and 1 ^M (dashed line) are also shown.
To study if the same effect was observed for the oxidation of thioanisole as for the oxidation 
of pyrogallol, CPO polymersomes were prepared with the same starting concentrations of
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CPO, e.g., 7, 23, and 36 |aM (Figure 4.6) and after 40 s the yields for sulfide oxidation were 
determ ined. Within this short reaction tim e the conversion is still in the linear phase and 
deactivation of CPO due to hydrogen peroxide is not im portant.40 Based on the activity for 
thioanisole sulfoxidation of the free enzyme the concentration of the enzyme inside the 
polymersomes was 0.1 |aM (enzyme concentration before filtration = 23 |aM), approaching 
the number calculated for the pyrogallol oxidation. However, with respect to this substrate 
now a trend was observed in which the initial rate of the reaction, Vi, was lowest for the 
polymersomes containing the lowest concentration of enzyme and Vi was highest for the 
polymersomes containing the highest enzyme concentration (see also Figure 4.5). Although 
this is in agreem ent with the data observed for sulfoxidation by the free CPO, this is in 
contrast to the results obtained with pyrogallol (compare Figure 4.2 & 4.6).
>  0 H----------------1----------------1----------------
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Figure 4.6: Variation of the initial rate of the sulfoxidation of thioanisole of CPO polymersomes obtained from filtration of 7, 23 and 
36 ^M dispersions of CPO and PS-PIAT. Upon the increase of enzyme concentration inside the polymersomes the activity increases 
as well, as is the case for the free enzyme (inset).
To explain these observations, we consider that sulfoxidation of thioanisole is a much slower
1 46 1 47process (kcat = 200 s- ) than the oxidation of pyrogallol (kcat = 2,500 s- ) and that the 
kinetics of substrate conversion in the polymersome is a 2-step process (Figure 4.7). The first 
step, represented by the rate constant ktransfer involves the diffusion of the substrate 
molecules into the polymersome which depends on the membrane properties. The second 
step is the turnover by the enzyme and is represented by kcat, assuming that Michaelis­
M enten kinetics is obeyed. The form er rate constant, ktransfer, is a complex param eter and 
depends on the concentration of the substrate both inside, [S]in, and outside, [S]out, the 
polymersomes (including such parameters as the local block copolymer structure, the
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enzyme used, pH and polarity of the solvent). Because of the high kcat of pyrogallol by the 
enzyme, the rate-limiting step for the CPs, in this case, is ktransfer. For the sulfoxide formation  
the rate-limiting step probably is the turnover by the enzyme because the value of kcat is 
much lower. In this case ktransfer>> kcat and as a result ktransfer does not seem to have an effect 
on the conversion of the thioanisole. The encapsulation of the enzymes into the 
polymersomes evidently introduces an additional param eter to the enzyme kinetics, that is 
the ratio ktransfer/k cat. At high ratios the substrate conversion by the enzyme is unrestricted 
while at lower ratios the turnover frequency is dictated by the polymersome properties. This 
property of the polymersomes is im portant as it may be useful to tune reaction rates relative 
to each other in cascade reactions.30
Figure 4.7: Model proposed to explain the different kinetics observed for pyrogallol and thioanisole conversion by chloroperoxidase 
encapsulated in CPO polymersomes. Two steps can be discerned: 1) diffusion of the substrate into the polymersome, 2) the 
conversion of the substrate by the enzyme.
The observation that the sulfoxidation activity varied linearly with the enzyme concentration 
inside the polymersomes suggests that the kinetics can be described by the Michealis- 
M enten model. For peroxidases (being two-substrate enzymes) these parameters can be 
determined when the H2O2 concentration is kept at saturating concentrations (> 5 m M ) and 
the substrate concentration is varied.47, 48 Determining the kinetic parameters indeed 
showed that the encapsulated enzyme displayed the same saturation kinetics as the free 
enzyme and the KM for thioanisole appeared to be similar (Table 4.2). The comparable KM 
suggests that [S]in = [S]out and that the kinetics in case of sulfoxidation with the CPO 
polymersomes, are determined by step 2, in Figure 4.7.
For both the pyrogallol oxidation and the thioanisole oxidation the concentration of CPO 
inside the polymersomes, determined on the basis of activity, is lower (~ 0.1 |aM, (enzyme 
concentration before filtration = 23^M )) than the concentration measured by optical
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spectroscopy (~0.9 |aM). For pyrogallol oxidation this partial deactivation appears to be less 
relevant, because the rate-lim iting step is ktransfer. For thioanisole oxidation this translates to 
a value for the turnover number (kcat = 34 s-1) that is an order of magnitude lower compared 
to the value for the free enzyme (kcat = 400 s-1). This lower catalytic efficiency cannot be the 
result of the ktransfer as it was concluded that the diffusion into the membrane is not 
im portant for thioanisole.
Table 4.2: Kinetic parameters for sulfoxidation of thioanisole by CPO polymersomes and by free CPO
CPO polymersomes CPO (20 nM )t CPO (300 nM)
Km 5 4 3
kcat 34* 400 275
tActivity determined by UV-Vis. * Assuming the enzyme concentration in the polymersomes is that found by direct measurement 
of the concentration by UV-Vis.
The decrease in catalytic efficiency could either be caused by a deactivation of the enzyme 
or by the fact that a significant fraction of the enzyme present in the polymersomes is not 
accessible to substrate molecules. In the latter case it can be calculated that the activity 
observed only comes from ~ 10% of the encapsulated enzyme molecules. W e were able to 
discriminate between these tw o possibilities by the observation that 43% of the enzymatic 
activity could be released from the polymersomes by redispersion of the CPO polymersomes 
upon filtration in buffer, while 39% of this activity appeared to remain in the polymersomes 
(Figure 4.8). In this particular case the enzyme was labeled with the fluorescent dye azido- 
rhodamine by click chemistry (hereby conserving the activity of the CPO; for details see 
Chapter 5). W hen these fractions were tested for their protein content by measuring their 
fluorescence, similar percentages were found (35 % released; 41 % remained). This showed 
that the protein population as a whole was deactivated.
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Figure 4.8: Change of fluorescence intensity of CPO polymersomes upon changing from Milli-Q to buffer solution (phosphate buffer 
pH = 6.5, 50 mM) measured by the fluorescence (Aex = 560 nm, Aem = 580) of the rhodamine dye that was conjugated to the CPO. 
After preparation of the CPO polymersomes, the solution was once again filtered and the fluorescence of the flow-through 
measured (MQ filtration). The CPO polymersomes were resuspended in phosphate buffer and the procedure was repeated twice (FB 
1 & 2). The fluorescence of the resulting solution was also measured (CPs).
4.3 Conclusion
In this chapter we have described the functional encapsulation of chloroperoxidase (CPO) 
into PS-PIAT polymersomes. It is shown that CPO can be encapsulated with an efficiency of 
5% under conditions that favor self-assembly of the PS-PIAT molecules. In the oxidation of 
pyrogallol catalyzed by CPO it was found that the activity of the enzyme is 0.5% with respect 
to the activity before encapsulation. Furthermore, it was observed that there is no linear 
correlation between the activity of the CPO containing polymersomes and the concentration 
of the enzyme in the polymersomes, suggesting that the rate of conversion of pyrogallol is 
limited by the transfer of substrate molecules over the membrane. In order to explore the 
potential of nano-structured materials for the immobilization of enzymes, we also studied 
the oxidation of thioanisole to the corresponding ft-sulfoxide, an important organic synthon. 
Interestingly, this substrate was readily oxidized with the same high enantioselectivity. The 
kinetic parameters for the oxidation of thioanisole by the CPO polymersomes suggest that 
for this reaction the turnover by the enzyme is the rate-limiting factor. The different kinetic 
behaviors of the substrates is explained by a model that takes into account the rate of 
diffusion into the polymersomes and the rate of conversion of the substrate by the enzyme.
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4.4 Experimental
UV was performed on a Shimadzu UV-4201 SPC spectrophotom eter using an electronic 
stirrer (Rank Brothers) at 400 rpm at 21 °C. Chiral GC was performed on a Shimadzu GC 17A 
with AOC-201 automatic injector. Electron microscopy including sample preparation was 
carried out as reported previously.29 CFM was carried out with a set-up reported previously. 
However, to discriminate between fluorescence emission from  PS-PIAT (Xem = 505 nm) and 
the fluorescent dye, the enzyme was labeled with alexa-633 succinimidyl ester and purified 
following the protocol supplied. The average degree of labeling was 1.4 mole of alexa-633 
per mole of enzyme. Encapsulation was performed as described in the text.
CPO (EC 1.11.1.10) was bought from BioChemika as a dark-brown suspension in 0.1M  
phosphate buffer, pH = 4. The suspension was used as received. The stated amount of units 
was 22731 U ml-1. The concentration of CPO was ~ 25 mg ml-1 (600 |aM). Halogenase activity 
was measured by the monochlorodimedon (2-chloro-5,5-dimethyl-1,3-cyclohexane-dione) 
assay and peroxidase activity was measured by the pyrogallol (1,2,3-trihydroxy benzene) 
assay.47, 48 Halogenation and peroxidation activity were always measured by UV as the 
increase in absorbance per minute at X = 280 nm and 420 nm respectively. For peroxidation 
activity the reaction was initiated by the addition of 50 |al of the sample solution to a cuvette 
containing 2.9 ml of M illi-Q  solution (pH = 6), pyrogallol (43 m M ) and H2O2 (9 m M ). For 
thioanisole oxidation typical reactions volumes were 250 |al that contained 100 |al of the CPO 
containing polymersomes, an additional amount of substrate that was always taken from an 
18 mM thioanisole stock in milli-Q and that was extensively dispersed before addition and an 
18 m M solution of H2O2. The reaction was initiated by addition of the oxidant and shaken on 
a Therm otwister Comfort (Quantifoil instruments) at 5 rpm at 21 °C. Reaction times were 40 
s. After the desired tim e the reaction was quenched by the addition of Na2SO3. Complete 
quenching of the oxidant was checked with peroxide test sticks (Quantofix). The solution 
was extracted with 0.50 ml DCM containing hexadecane as the internal standard. After 
drying over a small column of magnesium sulphate, the phases were separated by spinning 
down for 10 s and the solution was directly analyzed for yield and ee by GC on a chiraldex G- 
TA column (50m *0 .25m m *0 .12^m ), running isothermally at 160 °C for 20 minutes (column 
flow: 0.9 ml min-1; split ratio: 1 /60). Elution times for ft-methyl phenyl sulfoxide were: 7.2 
min, and for S-methyl phenyl sulfoxide: 11.1 min.
For labeling the CPO with the azide-functionalized rhodamine dye, the CPO was first 
functionalized with acetylene-groups by coupling of propargyl-amine to the accessible 
COOH-groups functions on the enzymes. To 1.0 ml CPO-solution (10 mg, 0.24 nmole) in MES-
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buffer (pH = 5.5. 0.1 M, 0.1 M NaCI) was added: 200 |al of 3.3 mg ml-1 propargylamine in 
water (12 nmole), 200 |al of 11.4 mg ml-1 1-EthyI-3-(3-dimethyIaminopropyI)carbodiimide 
(EDC; 12 nmole) and 200 |al of 14.1 mg ml-1 N-hydroxysulfosuccinimide (sulfo-NHS; 13 
lamole). After incubation overnight, the solution was filtered three times over a 10 K MWCO 
centrifugal filter with a 10 kDa molecular weight cut-off (MWCO), to remove the reactants 
and the CPO was resuspended in Milli-Q to 1.0 ml. This solution was mixed with 150 |al 1.0 
mg ml-1 azide rhodamine (0.58 nmole) and 100 |al of a premixed solution of CuSO4 (5.1 
lamole) and ascorbic acid (22.7 nmole), and once again incubated overnight. The excess dye 
and reactants were removed by first filtering twice over a 10K MWCO filter and separation 
over a size-exclusion column (Sephadex G50, Milli-Q)). The average degree of labeling was
1.7 mole of rhodamine dye per mole of enzyme. The labeled enzyme retained 74 % of its 
initial activity. The azido-rhodamine derivative was kindly provided by Dr. M. Koepf.
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5 Enzymatic cascade reactions with PS-PIAT polymersomes as scaffolds
The kinetic behavior of two enzymatic cascade reactions is studied in which the last 
enzyme in the cascade is chloroperoxidase (CPO) and the first enzyme is either Candida 
antarctica lipase B (CALB) or glucose oxidase (GOx). PS-PIAT polymersomes are used as 
scaffolds for the immobilization of the enzymes either in the aqueous interior (CALB or 
GOx), or covalently attached to the exterior of the polymersomes (CPO), and the results 
are compared to the kinetics of the freely dissolved, homogeneous system. Interestingly, 
even though CALB and GOx are encapsulated in the polymersomes, their activity does not 
seem to be compromised. The conjugation, however, of CPO to the outside of an enzyme- 
loaded polymersome gives rise to a loss in performance of the encapsulated enzyme, 
presumably because the CPO forms a layer around the polymersomes which restricts the 
diffusion of the substrate into the aqueous inner volume.
The reaction rate of the CALB / CPO cascade, where CPO is attached to the exterior 
of the polymersomes, is dominated by deactivation of CPO. This ultimately depends on the 
large difference in reaction rates of the enzymes and the limited availability of reducing 
substrate. When H2 O2  is produced in-situ by encapsulated GOx, product yields are higher 
because CPO is less prone to deactivation. Here, the kinetics of the GOx / CPO cascade, 
follows a course that is exemplary for heterogeneous or diffusion-controlled cascades, 
which is attributed to the close proximity of the enzymes and the physical barrier that CPO 
forms around the polymersomes.
5.1 Introduction
Recently, there has been renewed interest in cascade reactions, in which the product of one 
reaction serves as the substrate for the second reaction. This interest either originates from 
a synthetic point of view,1 or from the ongoing effort to construct minimal mimics of the 
biological cell where enzyme catalyzed reactions act in concert to form pathways, which in
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turn are separated in space and time by compartmentalization and tethering to
intermediate product recovery steps and produce less waste than classic stochiometric 
synthesis. As Nature is the ultimate example of how chemical reactions can be orchestrated 
for optimal yield and minimal byproduct it is not surprising that cascades involving isolated 
enzymes have been the focus of numerous studies. These sometimes involve fully 
homogeneous (dissolved) systems but more often immobilized enzymes. The immobilization 
is applied for stabilization of the enzyme, to enable its recovery or for analytical purposes 
such as detection, signal transduction, or separation.
Apart from the advantages of enzyme immobilization described above, the 
immobilization may have a significant effect on the kinetic properties of the enzymes. 
Surface attachment often compromises the activity of enzymes due to partial denaturation 
or restricted substrate entrance to the active site.3 The method of immobilization also 
affects the activity as does the exact site by which the enzyme is attached.4 However, 
concerning enzymatic cascade reactions, immobilization also offers opportunities to tune 
and enhance reaction rates, through rational design of the relative location of the enzymes 
with respect to each other. A theoretical comparison between the kinetic behavior of 
enzymes in homogeneous and immobilized systems was made by Goldman & Katchalski.5 
Although the model configuration involved a pair of enzymes that were attached to a 
membrane in contact with a solution containing the substrate, the conclusions were also 
suggested to be applicable for enzymes that are immobilized to particles or encapsulated 
into capsules, such as polymersomes, layer-by-layer (LbL) particles or liposomes. In 
homogeneous cascade reactions, the formation of the final product (C) is characterized by 
an initial period (lag time) in which the rate of C formation increases with time until it 
reaches a steady state rate (equation 1 & Figure 5.1). The concentration of C with time is 
described by the following equation:5
where, k n with E0 representing the enzyme concentration, A0 and kcat and KM
K m ,n
representing the turnover number and the Michaelis constant, respectively, of enzyme n in 
the cascade (n = 1 or n = 2).
membranes.2 From the synthetic point of view cascade reactions circumvent the need for
'2 (1)
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For the overall rate of final product formation this means that the eventual steady state rate 
(which is proportional to the rate constant for the first enzyme, ki), is approached 
exponentially with a constant equal to the first-order rate constant for the second turnover, 
k2.6 The exact kinetic model for the immobilized or heterogeneous system is more 
complicated, but the main feature that distinguishes it from the homogeneous cascade is 
the presence of an unstirred layer or diffusion layer at the membrane-solution interface. As 
a result of the enzymatic reaction, concentration gradients develop of the substrate, the 
intermediate and the final product, leading to lower concentrations of substrate, while that 
of the intermediate product and product are higher at the site of the interface when 
compared to the bulk solution. Because the activity of the second enzyme in the cascade 
depends on the concentration of the intermediate product B, its activity also depends on the 
relative position of this enzyme to the first enzyme. Furthermore, where for the 
corresponding homogeneous system a lag time is observed, the rate of (final and 
intermediate) product formation increases linearly with time for the heterogeneous system 
(compare Figure 5.1A & B). In addition, in the heterogeneous system the rate of product 
formation in the initial phase of the reaction is higher, which results from the higher 
efficiency by which the intermediate product is transformed by the second enzyme.
Figure 5.1 Theoretically predicted time course of a model bi-enzymatic reaction. Graph A (heterogenous) and B (homogeneous) 
show the % conversion of B, the interm ediate product, and C, the fin a l product, catalyzed by enzyme 1 and enzyme 2 at a rate k1 
and k1 respectively as is indicated in C. Also indicated in A and B is the form ation of product from  a single enzymatic reaction, shown 
as x.
An example of the effect of enzyme immobilization on the activity of cascades, was recently 
shown by Donath et al., who coated multi-layer SiO2 colloids with HRP and GOx, in different 
configurations.2 For the optimal configuration, which involved the co-assembly of HRP and 
GOx with a 'binder' polymer (a polyvinylpyridine-based polyamine), a 2.5-fold increase in 
hydrogen peroxide conversion was found (at least in the first instances of the reaction),
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illustrating the positive effect of immobilizing enzymes that are involved in reaction 
cascades.2 Another, conceptually different, system was reported by Willner et al., who 
studied supramolecular cocaine-aptamer complexes, in which the aptamers fragments 
(ligand-binding nucleic acids) that specifically bind cocaine were conjugated to HRP or GOx.7 
When incubated with glucose and 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) 
(ABTS; a colorometric substrate for HRP) only a small amount of product was observed. 
However, in the presence of increasing concentrations of cocaine (0.5 |aM -  1 mM) the 
catalytic cascade also showed an increasingly higher activity as a result of the complexation 
of the two aptamer segments. These brought the enzymes into close proximity, hence 
enhancing the reactivity of the HRP.7
In this study we explored the kinetic behavior of two enzymatic cascade reactions in 
which the last enzyme in the cascade was CPO and the first enzyme was either CALB or GOx 
(scheme 5.1). PS-PIAT polymersomes were used as scaffolds for the immobilization of the 
enzymes, which were immobilized in the aqueous interior (CALB or GOx) or covalently 
attached to the exterior of the polymersomes (CPO), by means of a PS-PEG anchor. The 
impact of the immobilization on the kinetic behavior of the cascade reactions was studied 
and compared with the behavior of the homogeneous enzymes. The theoretical model 
introduced above was used to explain the results.
Glucose Gluconolactone
h 2o 2 h 2o
o
Scheme 5.1: Enzymatic cascade reactions studied in this chapter.
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5.2 Results and Discussion
5.2.1 Preliminary experiments on the epoxidation of styrene with CPO polymersomes
In an initial approach we aimed for a cascade where glucose oxidase (GOx) was used for the 
generation of H2O2 from the oxidation of glucose (GOx), which can serve as the oxidant in 
CPO-catalyzed oxidation reactions. As an initial model reaction, the epoxidation of styrene 
by CPO was studied. The reaction was first carried out with free CPO and the 
chloroperoxidase-loaded polymersomes by the direct addition of H2O2. At a concentration of 
the free enzyme of 300 nM, a reasonable conversion of substrate was obtained when 
compared to values reported in the literature (Table 5.1).8 The values for 30 nM were lower 
but still high enough for further exploration with encapsulated CPO. Unfortunately, 
however, styrene epoxide was not detected for the enzyme inside the polymersomes. 
Probably this is connected to the reduced activity of the CPO inside the polymersomes, 
which was also observed for sulfoxidation of thioanisole. Although some epoxide product 
was detected by concentrating the CPO polymersomes, the yield was considered to be too 
low to perform further studies.
Table 5.1: Epoxidation of styrene (5 mM) by free CPO a t a concentration of 30 nM  or 300 nM  and by CPO inside the polymersomes. 
H2 O2  was added in 5 aliquots o f 2 mM every 2 minutes.
Concentration Styrene oxide Phenyl e.e. (%)*
(nM) (%r Acetaldehyde (%)f
CPO 30 4 5 50 (± 3)
CPO 300 8 15 n.d.
CP 50 0.0 0.4 n.d.
CPs§ 150 0.3 1.2 n.d.
+ determined by GC, i  determined by chiral GC, § CPO polymersomes, concentrated 3 times
5.2.2 Conjugation of enzymes to the exterior of polymersomes
Because of the poor yields obtained with the styrene epoxidation reaction using the CPO 
encapsulated in the polymersomes, it was decided to conjugate chloroperoxidase to the 
outside of the polymersomes. Several studies have reported the conjugation of proteins to 
the outside of polymersomes.9-16 For PS-PIAT polymersomes, conjugation to the outside has 
been demonstrated to be successful for CALB,17 and horseradish peroxidase (HRP).13 In these 
studies, PS-PIAT was mixed with a PS-PEG-acetylene that, after polymersome formation, 
could be conjugated by the copper catalyzed Huisgen cycloaddition reaction (click reaction),
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to an HRP molecule bearing an azide functionality. Mixing PS-PIAT with 10% of this anchor 
resulted in a HRP concentration in the order of 1 |aM. Assuming that the effect of 
conjugation to the outside of the polymersome is negligible this concentration would be a 
more suitable enzyme concentration to explore oxidation reactions.
The outline of the procedure is shown below (Scheme 5.2). To complement the
13 18 19existing knowledge on the system GOx / peroxidase, ' ' we chose to perform initial 
studies on a different enzyme system, i.e., CALB / CPO, in which 2-methoxy phenyl acetate 
(2-MPA) is hydrolyzed by CALB to 2-methoxy phenol (guaiacol), which is converted by CPO 
and hydrogen peroxide to 3,3'-dimethoxy-4,4'-biphenylquinone (Amax = 470 nm).20
Scheme 5.2: Procedure fo r the preparation o f enzyme-loaded PS-PIAT polymersomes w ith CPO attached to the exterio r of the 
polymersomes. PS-PIAT and 10 mole % o f PS-PEG-N3 are mixed in a 9:1 ratio in THF and added to 5 volumes of the solution 
containing e ither CALB and GOx (abbreviated E1). A fte r removing the non-encapsulated enzyme by filtra tion, the CPO equipped 
w ith an acetylene is added to the dispersion and 'clicked' to the polymersomes. A fte r 5 days incubation a t 4 °C, the non-conjugated 
CPO is removed by filtra tion.
5.2.3 Modification of CPO with an acetylene function
Before constructing the system, CPO was functionalized by reacting the carboxylic acids 
functional groups (on aspartic and glutamic acid) with an acetylene function. The procedure 
involved incubation of the enzyme with 50 equivalents of propargyl amine (PA) in the
■
■ = PS-PIAT
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presence of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and N- 
hydroxysulfosuccinimide (sulfo-NHS; 5mM) for 2 hours in MES buffer (pH = 5, 0.1 M). Under 
these conditions deactivation of CPO (which occurs irreversibly at pH > 7), did not occur. The 
successful introduction of this moiety was demonstrated by incubation of the functionalized 
CPO with an azide derivatized rhodamine dye and Cu-catalyst, and subsequent gel-filtration. 
Two bands were clearly observed. The first band, corresponding to the conjugated dye, was 
collected and a UV spectrum was recorded as is shown in Figure 5.2. The absorbance of the 
dye (Àmax = 560 nm) compared to that of the heme group (Àmax = 400 nm) gave a labeling 
efficiency of 2.3 mole dye / mole of CPO.
235 335 435 535 635
Figure 5.2: UV-spectrum of native CPO solution (grey line), showing the absorbance of the heme, and of acetylene-CPO labeled by 
'click' chem istry w ith azido-rhodamine (black line).
The specific activity after functionalization, compared to native CPO, was tested and was 
found to be 98 % for the acetylene functionalized CPO (PA-CPO), and 74 % for the CPO 
having a rhodamine label (Table 5.2). The click procedure apparently had a larger impact on 
the activity of the enzyme when compared to the EDC / Sulfo-NHS procedure, presumably 
because of the presence of the copper. Although the labeling involved a two-step procedure, 
its efficiency is higher than the labeling with the commercially available fluorescent dye 
alexa-633 (1.4 mole dye / mole of CPO), while the enzymatic activity stayed largely intact.
Table 5.2: Activity o f native CPO, the CPO afte r derivatization w ith PA and a fte r 'clicking' o f azido-rhodamine.
Activity 
(^M s-1)f
Concentration 
CPO (^M)*
Specific activity 
(103 mole product / 
mole CPO)
Specific activity 
(%, with respect 
to native CPO)
CPO 17.3 10.3 4.0 100
PA-CPO 14.3 8.7 3.9 98
CPO-rhodamine 3.9 3.1 3.0 74
+ determined by the standard pyrogallol assay using a 100 times diluted solution, i  determined by the absorbance of the heme at À 
= 400 nm (e = 91200 au M-1 cm-1).
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5.2.4 Encapsulation of CALB
Encapsulation of CALB was performed as described previously (see experimental section).13 
To obtain an indication of the activity of CALB inside the polymersomes, its activity in the 
hydrolysis of DiFMU octanoate (by following the increase in fluorescence at Xex = 450 nm) 
was compared to that of a series of solutions containing free CALB at concentrations 
between 0.05 and 0.2 mg ml-1 (15 and 61 |aM). It turned out that the concentration of 
encapsulated CALB based on its activity was 0.08 mg ml-1 (24 |aM; Figure 5.3A). As the 
starting concentration (before addition of THF and filtration), was 0.2 mg ml-1 this indicates 
an incorporation efficiency of 40 %. Although high in comparison to the incorporation 
efficiency based on statistics (0.1 %),21 this is in the same order of magnitude as observed 
experimentally for encapsulation of GOx (25 %), and is therefore not unexpected.13 To 
determine the encapsulation efficiency of the CALB in a different way, CALB was labeled with 
alexa-633 succinimidyl ester and the absorbance before and after filtering the vesicles was 
measured, similar to the procedure followed for determining the encapsulation efficiency of 
CPO (Figure 5.3B).22
Figure 5.3: A: Variation of activity (in fluorescence units min (FI m in1) o f free, homogeneous CALB, w ith its concentration 
determ ined by the DiFMU assay (diamonds). The open circle intersecting the Y-axis is the activity o f the CALB polymersomes after 
filtra tion, indicating an activity recovery o f 40 % (CALB concentration before filtra tio n  is 0.2 mg m l1). B: Absorbance of 
polymersomes dispersion containing alexa-633 labeled CALB before filtra tio n  (a), and a fte r filtra tio n  (b), indicating an 
encapsulation efficiency o f 42 %. The thin lines are the fits  to the scattering of the polymersomes.
The labeling procedure was significantly less efficient for CALB than for CPO, making the 
scattering at X > 600 nm more prominent for the CALB polymersomes and hence the 
determination less accurate. The scattering could be fitted accurately to an exponential 
decay function which was subtracted from the spectrum. The encapsulation efficiency
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determined by this method was 42 %, and thus correlated well with the encapsulation 
efficiency determined by the measurement of the activity of the enzyme. This close 
correlation is different than observed for CPO, for which it was found that the activity was 
only 10 % of what could be expected based on the amount of CPO encapsulated, probably as 
a result of the presence of THF in the encapsulation procedure. The CALB is not affected by 
this treatment, neither does the activity seem to be restricted by encapsulation in 
polymersomes, i.e., the transfer of the substrate is not limited by diffusion over the
membrane.23
5.2.3 Cascade reaction with CALB and CPO
Polymersomes containing 10 % of the anchor polymer PS40-PEG65-azide were then prepared. 
Following the procedure outlined in scheme 5.2, CPO was successfully attached to the 
outside of the polymersome (Figure 5.4A). As a control the anchor polymersomes were also 
incubated with the azide-containing rhodamine, however this sample precipitated after the 
click-reaction. The control reaction in which the CALB polymersomes with the anchor and 
the PA-CPO were incubated without the catalyst solution showed no retention of activity. 
This demonstrated that the retention of activity was indeed the result of the covalent linking 
of CPO to the outside of the CALB polymersomes and not of a non-specific interaction 
between the polymersomes and the enzyme. Transmission electron microscopy (TEM) 
showed the polymersomes to be largely intact after the repeated filtration procedures 
(Figure 5.4B).
On the basis of the activity observed for the oxidation of pyrogallol (0.4 |aM s-1) and 
the turnover number for the free enzyme (4000 s-1) the total amount of CPO present on the 
polymersomes was calculated to be 0.07 nmole. This suggested that only 4 % of the totally 
available azide functions on the polymersome surface had reacted with enzyme. Compared 
to the amount of HRP immobilized onto the same polymersome (92 %) this is a low 
number,13 but it should be noted that in this case the relative activity was not determined. 
The actual amount of CPO in the current study may therefore be higher, considering that 
deactivation may have occurred during the incubation with the polymersomes (5 days at 4 
°C), and considering the fact that surface attachment of enzymes in general leads to a 
considerable decrease in the activity of the enzyme. Furthermore, the reaction between the 
azide and the acetylene may not have gone to completion leading to a lower coverage.
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Figure 5.4 A: PA-CPO activity (pyrogallol, black line) after its incubation w ith CALB polymersomes and filte ring  (depicted in scheme 
5.2). The activity of the last flow-through is also shown (grey line) as w ell as tha t of the supernatant a fte r filtra tio n  o f the same 
m ixture w ithout Cu-catalyst (dots). B: TEM picture showing the CALB-polymersomes w ith the CPO attached to the ir exterior. The 
width of the image corresponds to 5 ^m. C: The same TEM picture at higher magnification, showing the membrane structure of the 
polymersomes. Some polymersomes seem to have desintegrated, e ither by the drying process or the repeated filtra tio n  prodecure. 
The bar corresponds to 200 nm.
5.2.4 CALB activity of CPO conjugated CALB polymersomes
To investigate the impact of the CPO conjugation on the activity of encapsulated CALB in the 
hydrolysis of DiFMU, its activity before (Figure 5.5 A) and after (Figure 5.5 B) the click- 
conjugation of CPO was measured. A solution of CALB polymersomes with and without the 
anchor (no PA-CPO added), was treated in the same way. Interestingly, in comparison to 100 
% PS-PIAT CALB polymersomes the presence of the PEG-anchor alone did not compromise 
the activity of the CALB polymersomes, neither did the treatment with the Cu catalyst and 
the filtration steps. However, a 70 % decrease in the activity of the encapsulated CALB was 
seen when CPO was physically attached to the exterior of the polymersomes. Because the 
CPO does not interfere with the CALB assay and neither the click procedure nor the presence 
of the anchor alone, showed a noticeable effect on the activity, this decrease most likely 
results from an obstruction of the substrate entrance into the polymersomes by the layer of 
enzymes attached to the exterior. Presumably these proteins form a layer that is dense 
enough to impose a barrier to the diffusion of the substrate into the polymersomes. So, 
whereas for 100 % PS-PIAT polymersomes the diffusion of substrate into the polymersomes 
seems not to be significant, it does play a role when enzymes are attached to the 
polymersomes' exterior by means of the PS-PEG anchor.
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Figure 5.5: Activity (determined by the DiFMU assay) of CALB polymersomes before (A), and after (B) clicking CPO to the exterior of 
the polymersomes and filtering. As a control the same procedure was applied to CALB polymersomes with and without the anchor. 
The identity of the lines is depicted schematically.
5.2.5 Cascade reaction with freely dissolved CALB and CPO
Initially, a series of test-reactions with the free homogenous enzymes was conducted, in 
which the enzyme concentrations were in the range of those observed for the enzyme 
loaded polymersomes (Table 5.3). The product curve, measured by UV-Vis absorption at X = 
470 nm, generally showed a lag time, i.e., in the initial stages of the reaction the rate of 
product formation increased with time before reaching a steady state, which is typical for 
cascade reactions (see also Figure 5.1). Fitting the curves to equation (1) yielded the kinetic 
parameters (Table 5.3).
Table 5.3: Observed rate constants for CALB (s'1) and CPO (s'1) in the cascade reaction depicted in Scheme 5.1. The enzymes were 
freely dissolved in the medium at the concentrations indicated. The rate constants were calculated using the program Graphpad 
Prism 5.01 and equation (1).
Entry CALB (^M) CPO (nM) Steady state 
activity (nM s'1)
&CALB (1*10-6 s-1) kCPo (1*10-3 s-1)
1 1 100 + 72.5 3.6 5.0
2 1 +01 0.63 0.05 2.0
3 0.1 +01 0 0 0
4 1 1 o 2.2 0.14 1.2
5 0.1 1 O 0.06 .d.n.
ton
.dn.
+ H2O2 concentration is 9 mM, i  H2O2 concentration is 1 mM, § not determined.
As shown in the table, the steady state reaction rate of the cascade (and the rate constant 
for the CALB-catalyzed reaction) shows a large variation in activity. For example, in the case 
of the reactions with 9 mM H2O2, the steady state rate drops 115 times from 72.5 nM s-1 
(entry 1) to 0.6 nM s-1 (entry 2) with a 10 times dilution of CPO. When the H2O2
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concentration is brought back to 1 mM the rate increases to 2.2 nM s-1 (entry 4). This large 
variation probably results from the inhibition of the activity of CALB by the 9 mM H2O2 
concentration, leading to a complete absence of activity with high ratios of H2O2 / CALB 
(entry 3). That this effect is not observed in the case of entry 1 may be because the catalase 
(hydrogen peroxide decomposition) activity of CPO protects the CALB from deactivation by 
H2O2.
5.2.6 CALB / CPO cascade w ith  polymersomes as scaffold
For the enzyme cascade with the polymersomes, not only the system with the CALB in the 
polymersomes interior and the CPO attached to the polymersome exterior was studied but 
also the following systems: (i) the CALB polymersomes with free CPO, (ii) CPO polymersomes 
with free CALB, and (iii) the system with each of the enzymes encapsulated in separate 
polymersomes. By adjusting the amounts of added reagent volume, the activities of the 
invidual enzymes (either CALB activity or CPO activity) in these assay mixtures were 
considered equal to the activities determined separately for CALB and for the CPO attached 
to the CALB polymersomes (see Figure 5.4 and 5.5). For the CALB polymersomes with free 
CPO the same trend was observed as was noticed for the homogeneous enzyme cascade 
reaction (Figure 5.6, curve a), showing that the kinetic behavior of the CALB polymersomes is 
not different from that of free CALB. In contrast, the other systems showed a different trend. 
Because of the low absolute absorbance values, especially at short conversion times, it was 
not possible to determine whether the traces initially resembled that of the homogeneous 
cascade reaction or that of the 'heterogeneous' model cascade (Figure 5.1). However, during 
the reaction the rate decreased rapidly compared to the rate of the homogeneous system. 
The curves could be fitted to an exponential function indicating that a first-order rate 
process was responsible for the deactivation. Most probably, the low eventual activity 
results from the deactivation of CPO by H2O2, which follows a first-order process.24 This 
process is more dominant when there is little or no substrate present for CPO so that it 
starts to disproportionate hydrogen peroxide to water and oxygen, which concomitantly 
leads to degradation of the heme-group.
Nevertheless, this still does not explain why deactivation is more prominent for 
curves b, c, and d in figure 5.6. Apparently, the immobilization of CPO, promotes the 
tendency of CPO for suicide deactivation. For the CALB polymersomes with CPO attached to 
their exterior, this may be explained by the observation that the turnover of the 
encapsulated enzyme is limited by the diffusion of the substrate into the polymersome as a
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result of the covalent attachment of the CPO to their exterior (Figure 5.5; a 70 % reduction in 
activity was found). This would restrict the availability of 2-methoxy phenol and because 
H2O2 is freely present, would promote the suicide deactivation of the enzyme. For curves b 
and c, where CPO polymersomes are involved, the membrane of the polymersomes could 
give rise to the same effect, although no indication for this could be inferred from the results 
obtained by studying the single-step reactions with the chloroperoxidase polymersomes 
(Chapter 4).
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Figure 5.6 Kinetics o f 3,3'-dimethoxy-4,4'-biphenylquinone form ation by the sequential action o f CALB and CPO on the substrate 
2MPA. The location of the enzymes (in terio r /  exterio r o f the polymersomes or free in solution) is shown schematically on the right, 
where L stands fo r CALB and P fo r CPO. The curves have been shifted w ith respect to each other to enhance the ir visualization.
5.2.7 Cascade reaction with GOx and CPO
GOx was encapsulated as described earlier. Similar to CALB, the activity of the GOx 
polymersomes (measured by addition of an excess of CPO) was compared to that of a 
homogeneous GOx solution at different concentrations. It was found that the activity of the 
encapsulated enzyme was 20 % of that of the original solution, which correlated with the 
experimentally determined value of 25 % for the encapsulation efficiency of the enzyme in 
the polymersomes. Also for the GOx polymersomes the kinetics of the enzymatic reaction 
appear only to be determined by the kinetic properties of the enzyme, while the fact that it 
is encapsulated into the polymersomes does not seem to play a role.
The cascade reaction of GOx and CPO, where the hydrogen peroxide generated by 
the oxidation of glucose served as the oxidant for the peroxidation of guaiacol, was first 
studied under homogeneous conditions. The glucose concentration was relatively low (1 
mM), to prevent the rapid deactivation of the CPO. The CPO concentration was kept 
constant (10 nM) while the GOx concentration was 100 nM, 5 nM or 0.3 nM (Table 5.4, for
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curves see Figure 5.7 A). The curves showed the typical trend line observed for cascade 
reactions, having lag times that were shorter than those observed for the CALB-CPO cascade 
(15-150 s for the CALB / CPO cascade and 200-1000 s for the GOx / CPO cascade). This 
indicates an increased activity of CPO, which is also reflected by the rate constants for CPO. 
The catalytic efficiency (kcat/KM) for GOx are 1000 s-1 M-1 and 8340 s-1 M-1 for entries 1 and 2 
respectively, compared to kcat/KM > 10,000 in literature.25 This indicates that the conditions 
are not optimal, most probably because the glucose concentration is below the KM.
Table 5.4: Calculated rate constants fo r GOx in the cascade reaction depicted in Scheme 5.1. The enzymes were free ly dissolved in 
the medium a t the concentrations indicated. The rate constants were calculated using the program Graphpad Prism 5.01 and 
equation (1).
Entry GOx (nM) CPO (nM) Steady state 
activity (nM s-1)
kGOx (1*10-3
s-1)
kCPO (s 1)
1 100 10 14.6 0.10 0.07
2 5 10 6.2 0.04 0.007
3 0.3 10 0.6
ton
.dn. .d.n.
§ n.d. = not determined.
5.2.8 GOx / CPO cascade with polymersomes as scaffold
The CPO was attached to the exterior of the polymersomes by the same procedure that was 
used for the CALB polymersomes, with the exception that the incubation time of the 
polymersomes carrying the PS-PEG anchor and the PA-CPO was restricted to 48 h (room 
temperature). In this case only the system consisting of CPO attached to the exterior of the 
polymersomes was studied, where the amount of PS-PEG-N3 anchor was 10 % (PS-PEG- 
N3:PS-PIAT) and GOx was encapsulated at two different concentrations, starting from a 30 
|aM or a 5 |aM solution. In separate experiments the GOx activities of these polymersomes 
dispersions were found to show a concentration-dependent activity, which has also been 
observed for encapsulated CPO in the oxidation of thioanisole (Chapter 4). The CPO activity, 
when immobilized to the exterior of the polymersomes was higher than the activity found 
for the CALB polymersomes with the CPO attached (2.3 |aM s-1 compared to 0.4 |aM s-1) 
giving a coverage of 24 %. This increase in activity most likely resulted from the shorter 
incubation time, which may have limited the deactivation of the CPO, strengthening the 
conclusion that the amount immobilized is higher than appears from its activity.
For the GOx polymersomes with CPO attached to their exterior the cascade reaction 
led to more quinine formation (20 - 25 |aM after 900 s) than was observed for the CALB-CPO
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cascade (0.1 |aM after 900 s). Apart from the enhanced activity of CPO by the optimized 
conjugation procedure, this is the result of the more comparable reaction rates of GOx and 
CPO combined with the fact that the hydrogen peroxide is now produced in situ and, 
provided a reducing substrate is present, CPO oxidizes the substrate using this H2O2 as the 
oxidant. This will avoid the rapid deactivation of CPO by the high hydrogen peroxide 
concentration. Compared to the homogeneous cascade, the cascade with the polymersomes 
as scaffold followed a different time course (Figure 5.7). First of all, no lag time appeared to 
be present, although the curves in the initial phase of the reaction were somewhat irregular. 
It is clear, however, that the efficiency of the cascade reaction in this initial phase exceeds 
that of any of the studied homogeneous cascade reactions (Figure 5.7 B, inset) and does not 
show an increase in the rate of product formation with time, but is more linear, diminishing 
slightly in activity with time.
The curves in Figure 5.7 B thus appear to follow the diffusion-controlled kinetics 
observed for the 'heterogeneous' system of Figure 5.1. Although it was observed that 
diffusion does not seem to play a role on the reaction kinetics for the 100 % PS-PIAT GOx 
polymersomes (the kinetics are determined by the enzyme and not by the transfer of the 
substrate over the polymersome membrane), diffusion of the substrate into the 
polymersomes was suggested to be a determining factor in the case of the CALB- 
polymersomes with the CPO attached. The same situation may hold in the present case, 
meaning that also the GOx activity in the polymersomes is dictated by the limited diffusion 
of glucose into the polymersomes. In combination with the close proximity of the enzymes, 
this would lead to the kinetics predicted for the heterogeneous cascade reaction in Figure
5.1 A.
Fiaure 5.7 A: quinone form ation (^M) versus time of the homogeneous GOx/  CPO cascade reaction. The concentration o f CPO is 10 
nM  while that o f GOx is varied from  100 ^ M  (black line) to 5 ^ M  (dots) and 0.3 ^ M  (stripes). B: The same cascade reaction but now 
w ith GOx-polymersomes having CPO attached to the ir exterior. The GOx polymersomes were prepared from  30 ^M  (grey line) or 5 
^M (black line) GOx solutions. The inset shows the firs t 200 seconds of the polymersome cascade reaction and the homogeneous 
cascade reactions (dots).
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This would also explain why the variation in GOx concentration in the polymersomes gives 
rise to only a minute difference between the initial reaction rates of the cascade reaction 
when the CPO is attached to the GOx polymersomes, in particular when compared to the 
homogeneous cascade reactions (compare figure 5.7 A & B). The rate of conversion (and 
hence the conversion of guaiacol) is now dictated by the transfer of the glucose over the 
membrane making it less dependent on the concentration of GOx in the polymersomes.
5.3 Conclusion
Because of the low activity of polymersomes encapsulating CPO in oxidation reactions such 
as styrene epoxidation, we explored the conjugation of the enzyme to the outside of 
enzyme-loaded PS-PIAT polymersomes. Finally, 2 cascade reactions (CALB/CPO and 
GOx/CPO) were studied using the polymersomes as scaffolds, and the results were 
compared with the corresponding homogeneous systems and the theoretical model 
published by Katchalski.5
Where encapsulation of CALB and presumably GOx in the polymersomes did not have 
an adverse effect on the kinetic properties of the enzymes (in contrast to what was found for 
CPO), the covalent attachment of CPO to the exterior of the polymersomes does 
compromise the apparent activity of the encapsulated enzymes, supposedly by imposing a 
physical barrier to the diffusion of substrate molecules into the polymersomes. The first 
cascade reaction system, involving CALB and CPO, shows a high tendency for suicide 
deactivation of CPO when this enzyme is immobilized to the exterior of the polymersomes, 
probably as a result of the diminished activity of the encapsulated CALB and the presence of 
H2O2. The H2O2 is preferentially disproportionated by CPO, leading to suicide deactivation of 
this enzyme.
The cascade system in which GOx is encapsulated and CPO conjugated to the outside 
of the polymersomes shows a considerable higher activity compared to the CALB / CPO 
cascade system, because hydrogen peroxide is produced in situ and directly used for the 
oxidation of the reducing substrate (guaiacol). A clear deviation from the kinetics of the 
homogeneous cascade reaction systems is observed, and a strong similarity with that of 
'heterogeneous' cascade reactions.5 This is thought to be the result of the diffusion­
controlled turnover of glucose by GOx, which results from the physical presence of CPO on 
the outside of the vesicles plus the close proximity of the enzymes in the system.
In conclusion, this study shows how reaction rates (especially when it comes to 
cascade reactions) may be varied by using polymersomes to encapsulate or covalently link
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the enzymes involved. Especially for CPO and other peroxidases that are sensitive to suicide 
deactivation, it is important to adjust the concentration of the respective enzymes such that 
similar values for activities are obtained. It would be of interest to see how the system would 
behave in the oxidation of more demanding and synthetically interesting substrates, such as 
styrene or indene.
5.4 Materials & Procedures
5.4.1 Chemicals
PS-PIAT was synthesized as reported previously.26 PS-PEG-N3 was kindly supplied by S.F.M. 
van Dongen.17 The azido-rhodamine derivative was kindly provided by Dr. M. Koepf. Candida 
antarctica lipase B (E.C. 3.1.1.3; 1.0 U mg-1), glucose oxidase (E.C. 1.1.3.4; 200 U mg-1) from 
Aspergillus niger, horseradish peroxidase (E.C. 1.11.1.7, Type VI, 250-330 U mg-1) and 
chloroperoxidase (E.C. 1.11.1.10; 22371 U ml-1) from Caldariomyces fumago were bought 
from Sigma Aldrich (BioChemika). Propargylamine (PA), W-(3-Dimethylaminopropyl)-W'- 
ethylcarbodiimide (EDC), W-hydroxysulfosuccinimide (sulfo-NHS), MES (2-(N- 
morpholino)ethanesulfonic acid), CuSO4, ascorbic acid, 4,7-Diphenyl-1,10- 
phenanthrolinedisulfonic acid, 2-methoxyphenyl acetate (2-MPA), 2-methoxy phenol 
(guaiacol), pyrogallol (1,2,3-trihydroxy benzene), H2O2 and a-D-glucose were bought from 
Sigma-Aldrich. Alexa fluor 633 succinimidyl ester and 6,8-difluoro-4-methylumbelliferyl 
(DiFMU) octanoate were bought from Molecular Probes (Invitrogen).
5.4.2 Instrumentation
Fluorescence was measured in a 50 |al fluorescence cuvette (Hellma) using a Perkin Elmer 
Luminescence Spectrometer LS50B or in a 96-well plate on a Wallac Victor 1420 multilabel 
counter. UV was performed either on a Varian Cary 50 UV-Vis spectrophotometer or in a 96- 
well plate on the same Wallac Victor 1420 multilabel counter. For transmission electron 
microscopy (TEM) imaging a JEOL JEM-1010 was used. Hydrogel samples for TEM were 
prepared by applying a small piece on a carbon-coated copper grid (Electron Microscopy 
Sciences, Hatfield, PA). No coating or staining was applied.
5.4.3 Procedures
CPO was functionalized with acetylene-groups by coupling of propargyl amine (PA) to the 
accessible COOH-groups on the enzymes. To 1.0 ml CPO-solution (10 mg, 0.24 nmole) in 
MES-buffer (pH = 5.5. 0.1 M, 0.1 M NaCl) was added: 200 |al of 3.3 mg ml-1 propargylamine in 
water (12 nmole), 200 |al of 11.4 mg ml-1 EDC (12 nmole) and 200 |al of 14.1 mg ml-1 sulfo- 
NHS (13 nmole). After incubation overnight the solution was filtered once over a 10 K
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MWCO centrifugal filter to remove the majority of the reactants and further purified by 
filtration over a size-exclusion column (Sephadex G50, Milli-Q).
For labeling with rhodamine, after incubation with PA, the solution was filtered three 
times over a 10 K MWCO centrifugal filter, to remove the reactants and the CPO was 
resuspended in Milli-Q to 1.0 ml. This solution was mixed with 150 |al 1.0 mg ml-1 azide 
rhodamine (0.58 nmole) and 100 |al of a premixed solution of CuSO4 (5.1 nmole) and 
ascorbic acid (22.7 nmole), and once again incubated overnight. The excess dye and 
reactants were removed by first filtering twice over a 10K MWCO filter and separation over. 
The average degree of labeling was 2.3 mole of rhodamine dye per mole of enzyme 
(£rhodamine = 100,000 M-1 cm-1 and sCPO = 91,200 M-1 cm-1).
For CALB polymersomes 200 |al of a 2.5 mg ml-1 stock solution of CALB in Milli-Q 
water was diluted to 2.5 ml and 0.5 ml of a 1.0 mg ml-1 PS-PIAT solution in THF was slowly 
added. The solution was incubated overnight and filtered 8 times to nearly dryness over an 
Amicon ultra-free MC centrifugal filter (100 nm pore-size; Millipore), while after each 
filtration step the sample was redispersed to the original volume. For GOx polymersomes 
the same strategy was followed but the initial concentration of the GOx was 5 mg ml-1 or 1 
mg ml-1 in Milli-Q.
For enzyme loaded PS-PIAT polymersomes with 10 % PS-PEG-N3 anchor, 100 |al of a 
10 mg ml-1 PS-PIAT solution in THF was diluted to 1.0 ml with a 0.11 mg ml-1 THF solution of 
the PS-PEG-N3 anchor. The procedure described for the 100 % polymersomes was then 
followed. For attachment of the CPO, after filtration the dispersion was incubated with a 20 
times excess of PA-CPO and 150 |al of a premixed solution containing equimolar amounts of 
CuSO4, ascorbic acid and bathophenanthroline (1 nmole).
All enzymatic assays were performed in Milli-Q. For assaying CALB activity a 20 |aM 
solution of DiFMU was used that was prepared by the addition of 2 |al of DiFMU stock (1 
mM) to 98 |al of sample solution. The increase in fluorescence at Xem = 460 nm was measured 
for 900 s. For CPO activity the pyrogallol procedure was used as described before, by 
measuring the increase of its absorbance at X = 420 nm. For GOx activity, 320 |al of a 0.40 M 
(50 mg ml-1) pyrogallol solution and a 160 |al of a 0.16 M (30 mg ml-1) 0-D-glucose solution 
were added to 2.9 ml of Milli-Q, upon which first 50 |al of a 100 x diluted stock solution of 
CPO was added and then 50 |al of the GOx sample to be tested.
The activity of the CALB / CPO cascade reaction (either homogeneous or 
heterogeneous) was measured by the addition of 20 |al of a 0.16 M H2O2 solution to 2.0 ml of 
24 mM 2-MPA (4 g L-1) and diluting to 2.9 ml. The reactions were initiated by the addition of
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CPO or CPO polymersomes (50 |al) and then CALB or CALB polymersomes (50 |al) and 
followed by UV at X = 470 nm. For the CALB-polymersomes with CPO attached to the 
exterior, in total 50 |al was added (compared to 100 |al for the other cascades). The assay 
mixture for the GOx / CPO cascade reactions was prepared by diluting to 2.9 ml, 2.0 ml of 24 
mM guaiacol (3.0 g L-1) and 20 |al of a 0.16 M (30 mg ml-1) 0-D-glucose solution.
The graphs obtained for the cascades studied were fitted to equation (1) with Prism 
software (Graphpad v5.01). This program was also used for calculating the 'baseline' in the 
UV-spectra of the polymersomes containing the alexa-633 labeled CALB.
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6 A continuous-flow hydrogel-based polymersome reactor
In this study we report the immobilization of enzyme-containing polymersomes into a 
macromolecular hydrogel. Whereas free enzyme shows progressive leakage from the 
hydrogel in a period of days, leakage of the enzyme-loaded polymersomes is virtually 
absent. The preparation of the hydrogel occurs under mild conditions and does not inhibit 
the activity of the polymersome encapsulated enzymes nor does it affect the structure of 
the polymersomes. The stability of the architecture is demonstrated by the facile recycling 
of the polymersomes and their use in repetitive reaction cycles. A 'continuous-flow 
polymersome reactor' is constructed in which substrate is added to the top of the reactor 
and product is collected at the bottom. This set-up allows the use of different enzymes and 
the processing of multiple substrates, as is demonstrated by the conversion of 2-methoxy 
phenyl acetate to tetraguaiacol in a reactor loaded with polymersome hydrogels 
containing the enzymes Candida antarctica lipase B (CALB) and glucose oxidase (GOx).
6.1 Introduction
In the previous chapters we have demonstrated the successful immobilization of various 
enzymes into polymersomes obtained by the self-assembly of PS-PIAT block copolymers. 
Apart from studying cascade enzyme kinetics of the encapsulated enzymes by an assay- 
based methodology (chapter 5),1 it was shown that upon encapsulation the enzymes could 
still function as highly enantioselective catalysts for the generation of chiral compounds 
(chapter 4).2 Purpose of the present chapter is the study of a property of the polymersomes 
that is often mentioned, but scarcely investigated, namely their recyclability. Although the 
membrane stability of polymersomes is enhanced compared to liposomes, the recyclability 
of the freely dispersed polymersomes may still be limited. In preliminary experiments we 
observed that recycling of CALB-loaded polymersomes resulted in a steady decrease of 
enzymatic activity (40 % loss after 8 times filtration).
This chapter was published in Nanoscale, 2010, DQI:10.1039/b9nr00325h
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We therefore decided to immobilize the polymersomes in a hydrogel carrier and to study the 
recyclability of this system as well as its functioning in a reactor set-up (Scheme 6.1). A 
prerequisite for the immobilization of polymersomes into a carrier matrix is that the inner 
aqueous compartment is not affected. Thus, ideally the matrix should be constructed from 
high molecular weight polymers that are unable to penetrate the polymersome. Obviously 
the morphology of the polymersomes should not be changed by the gel-formation and 
neither should be the activity of the enzyme. A viable option for immobilization was to use 
polysaccharide precursors to produce hydrogels. These compounds generally have a high- 
molecular weight and easily trap water upon cross-linking, leading to gelation. A recent 
study reported the functionalization of hyaluronic acid (-4GlcUA^1-3GlcNAc^1-; HA) with 
either azide or acetylene moieties and its subsequent gelation by the CuI catalyzed Huisgen 
1,3-dipolar cycloaddition reaction (commonly referred to as 'clicking'). It was decided to 
start from this precursor as HA is a natural product which is readily available and the 
reported derivatization process reported is relatively simple. Most importantly gelation by 
'clicking', is tolerant to the use of biological materials, such as enzymes.3
Scheme 6.1: Procedure fo r the immobilization of enzyme-loaded polymersomes into a polysaccharide hydrogel m atrix: 1. Addition 
of PS-PIAT polymer to the enzyme solution and subsequent filtra tio n  to yield enzyme loaded polymersomes, 2. Addition of the 
enzyme loaded polymersomes to a freeze-dried sample o f the functionalized hyaluronic acid (HA) and, 3. addition o f the Cu-catalyst 
to create the hydrogel embedding the polymersomes.
When successful the immobilization could facilitate the use of the polymersomes in a flow- 
reactor set-up, in which substrate is added to the top of the reactor and product is collected 
at the bottom, or in a batch-like process, in which the product formed is collected from the
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supernatant. So far, no studies have been reported on the immobilization of polymersomes 
into a polymer or hydrogel matrix. Comparable architectures, such as nanoparticles,4, 5 
liposomes,6, 7 and cells8, 9 have however been studied for immobilization. For cells as well as 
for the immobilization of proteins or enzymes the application is primarily focused on the 
controlled release of the trapped species,10-12 although cells and enzymes have also been 
studied with regard to their catalytic behaviour.13-16 Encapsulation of the enzyme in the 
polymersomes and subsequent gelation of the polymersomes solution will provide a gentle 
means of trapping the enzyme, as the polymersomes will prevent the release of the enzyme 
and the hydrogel leakage of the polymersomes.
6.2 Results and Discussion
6.2.1 Synthesis and Characterization of Enzyme-loaded polymersomes hydrogel
Following a slight modification of a published procedure, HA (MW = 1200 kDa) was 
functionalized with an azide or an acetylene function on its glucuronic acid moieties by a 
peptide coupling with either the bifunctional oligoethylene linker 1-amino-3,6,9-tri- 
oxaundecan-11-azide (ATA), or propargyl amine (PA),17 The successful incorporation of the 
functionalities was demonstrated by IR spectroscopy (Figure 6.1).
3400 2400 1400 400
M e m 1)
Figure 6.1: A: IR spectrum of hyaluronic acid (HA) provided w ith an acetylene function a fte r reaction w ith propargyl amine (PA). B: 
HA provided w ith an azide function a fte r reaction w ith 1-amino-3,6,9-tri-oxaundecan-11-azide (ATA).
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The ultimate test for the functionalization of the HA was its gelation upon addition of the 
click solution. A 1:1 solution of PA-HA and ATA-HA was prepared (8 mg ml-1) and gelation 
was induced by the addition of the Cu-catalyst (2 mM; 0.1 monomer equivalents). The 
solution was found to gelate within 2-3 minutes, as was shown by inversion of the test tube 
(Figure 6.2A). Transmission electron microscopy (TEM) showed an opaque featureless 
structure with occasional electron-dense spots that are presumably crystallized salts (Figure 
6.2B). These could be removed by incubating the gel repeatedly with Milli-Q water. This 
method was easily extended to CALB-loaded polymersomes by dissolving the derivatized 
polysaccharides in the polymersome dispersion and adding the Cu-catalyst. The effective 
immobilization of the polymersomes in the gel was best visualized by TEM-imaging or 
confocal fluorescence microscopy (CFM). TEM showed dense spherical objects in the gelated 
samples with the diameters expected, but, in contrast to free polymersomes (Figure 6.2C), 
with a somewhat blurred interface (Fig 6.2D). Scanning electron microscopy (SEM) and cryo- 
SEM studies were not successful since the electron beam did not penetrate through the gel 
and only the surface of the hydrogel surface was visualized.
Figure 6.2: A: Photograph of the 1:1 solution of azide-functionalized HA and acetylene HA directly a fte r gelation. B: TEM picture of 
the same hydrogel. C: TEM picture o f CALB loaded polymersomes deposited from  solution. D: CALB-polymersomes immobilized in 
the HA hydrogel CALB polymersomes. Bars correspond to 1 ^m.
To prove the actual immobilization of the CALB polymersomes in the gel, i.e., the restriction 
of their translational movement by trapping in the gel matrix, their mobility was studied in 
time by confocal fluorescence microscopy (CFM), recording the fluorescence emanating 
from the polymersomes at Xem = 505 nm.2, 18 Samples of the CALB polymersomes, after and
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before gelation, were placed on a CFM glass slide and inspected at an elevation of 5 |am from 
the surface of the probe (Figure 6.3). Whereas a solution of polymersomes showed changes 
in number and locations of the particles over a period of 15 minutes, the gelated solutions 
did not display such behaviour. The particles appeared to be situated at virtually fixed 
positions over a 15 min period, as a result of their trapping in the hydrogel matrix.
Os 180 s 360 s 540 s 720 s
Figure 6.3: CFM images (Aex = 480 nm, Aem = 505 nm) of CALB polymersomes taken a t 3 min time intervals in a HA solution before 
gelation (upper panel) and a fte r gelation (lower panel). The width of the images in the lower series was increased from  25 to 100 
^m to visualize a sufficient number o f polymersomes.
6.2.2 Leakage of polymersomes and enzymes from HA hydrogel
An interesting feature of hydrogels in view of biological applications is their ability to slowly 
release incorporated substances, for example drugs. In the present case, where we focus on 
biocatalytic applications, release of compounds is, however, undesirable. The release of the 
enzyme-loaded polymersomes from the hydrogel was studied and compared with the 
release of free, i.e., nonencapsulated enzyme from the hydrogel in two ways: 1) the 
hydrogel, either containing CALB-polymersomes or free CALB, was incubated, directly after 
preparation, for 3 x 24 h with 0.5 ml of Milli-Q, and the Milli-Q phase was afterwards assayed 
for CALB activity by measuring the fluorescence increase at Xem = 460 nm from the CALB 
catalyzed hydrolysis of (non-fluorescent) DiFMU-octanoate to the fluorescent 6,8-difluoro-7- 
hydroxy-4-methylcoumarin19'; 2) polymersomes encapsulating alexa633-labeled 
chloroperoxidase from Caldariomyces fumago (CPO) or free labeled CPO, were immobilized 
in the hydrogel and incubated with 0.5 ml Milli-Q. The fluorescence increase at Xem = 633 nm 
of the Milli-Q-phase was measured in time for 72 hours.
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The CALB-activity in the Milli-Q fractions after incubation at different time intervals (t = 24 h, 
48 and 72 h) showed a clear difference between the enzyme-containing polymersomes and 
the free enzyme (Figure 6.4). Whereas the incubation solution showed clear enzymatic 
activity for the free enzyme, indicating leakage of the enzyme from the gel, the incubation 
solution for the polymersomes did not show any enzymatic activity at all. Apparently the 
immobilization of the polymersomes is an efficient process and more successful than the 
immobilization of the enzyme itself into the hydrogel.
Figure 6.4: CALB-activity o f incubation solutions collected a fte r an incubation time of 24 h (A), t = 48 h (B), and t = 72 h (C) fo r HA 
hydrogels containing CALB (black line) and HA hydrogels containing CALB polymersomes (dots). The DiFMU assay reaction is shown 
at the bottom right.
Although the hydrogel leakage experiments with the CALB polymersomes and free CALB 
showed a clear difference these experiments did not reveal how much enzyme had leaked 
out. To obtain more quantitative information, leakage from the hydrogel was studied for 
polymersomes containing alexa-663 labeled chloroperoxidase (CPO) and compared to the 
fluorescence intensity of the solutions before gelation (which was the same for the free 
enzyme and the CPO polymersomes). Similarly to the CALB polymersomes, a distinct 
difference existed between encapsulated and free enzyme (Figure 6.5). After 72 h, 30 % of 
the free enzyme had leaked out into the Milli-Q phase, whereas for the encapsulated 
enzyme this leakage amounted to only 7 %. Already in the first 20 hours 5 % of the CPO
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polymersomes (5%) had leaked out, a value half that observed for the free enzyme (10 % in 
20 h), suggesting that the leakage observed possibly resulted from available free enzyme and 
not of enzyme encapsulated in the polymersomes. This may be due to the release of a small 
amount of labeled CPO from the polymersomes, as was also observed for freely dispersed 
CPO polymersomes when the medium was changed from Milli-Q water to buffered 
solution.2 It could also mean that there was a minor amount of free CPO still present after 
preparation of the CPO polymersomes. After 24 h, there was no significant leakage observed 
from the CPO polymersomes, whereas for the free enzyme leakage continued at a similar 
rate.
Figure 6.5: Percentage leakage of labeled CPO from  the HA hydrogels. The enzyme was incorporated as the free enzyme (grey dots) 
or encapsulated in polymersomes (open dots). Leakage was measured by recording the increase in fluoresence intensity of the 
supernatant M illi-Q added to the hydrogel a fte r preparation. The fluorescence intensity o f the solutions before gelation was taken 
as 100 %.
Upon the successful demonstration of the stability of the enzyme-loaded polymersomes in 
the hydrogel, the activity of CALB polymersomes in the hydrogel was studied. Incubation of a 
50 mg piece of the hydrogel with a 100 |al aliquot of a 20 |aM DiFMU-solution clearly showed 
the highest activity to reside in the sample in which free enzyme was entrapped in the 
hydrogel (Figure 6.6). Although diminished, the conversion of the DiFMU by the enzyme- 
loaded polymersomes in the hydrogel was still significant. Clearly the enhanced stability 
comes with the price of activity loss. An explanation for this behavior may be the rate 
limiting diffusion of the substrate into the polymersome-loaded gel. The two gels were 
prepared with solutions that contained the same amount of enzyme in terms of activity, so it 
seems that the gelated polysaccharide obstructs the permeability of the polymersome 
membrane.
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Figure 6.5: Hydrolysis o f DiFMU octanoate by hydrogel samples containing CALB (dots), CALB polymersomes (thick black line) or no 
enzyme a t a ll (thin black line).
6.2.3 Recycling of the enzyme-loaded polymersome HA hydrogel
Although the enhanced stability of the enzyme-loaded polymersome hydrogel comes with a 
decreased intrinsic activity this should not be a disadvantage if we can recycle the 
polymersome hydrogel after reaction. The immobilized polymersomes were therefore 
tested for their recyclability. A 50 mg aliquot of the hydrogel (~50 |al) was transferred to a 
96-well plate and incubated with 100 |al of the 20 |aM DiFMU-solution. The fluorescence 
increase was measured, the hydrogel was washed once with Milli-Q, and incubated again 
with substrate solution. This procedure was performed 8 times (Figure 6.7). After the 
recycling procedure the supernatant of the last fraction was removed from the gel and 
tested for CALB activity.
Somewhat unexpectedly, there was a considerable increase in lipase activity between 
cycle 1 (36 FI min-1) and cycle 2 (95 FI min-1), after which the activity more or less remained 
constant at 118 ± 16 FI min-1, for at least 6 further cycles. As a minor amount of DMSO (1 %) 
was used to solubilize the substrate, this could have caused the expansion of the pores of 
the gel and have resulted in an enhanced diffusion of the substrate into the hydrogel. Indeed 
it was observed in separate experiments that the presence of DMSO led to a modest 
swelling of the hydrogel allowing the substrate to penetrate more deeply into the hydrogel 
structure and enabling it to reach more active sites. Besides swelling, the diffusion of the 
substrate across the membrane into the polymersomes could also be facilitated by DMSO. 
Most important though, the trapping of the polymersomes in the hydrogel was still effective, 
as no CALB activity could be detected in the isolated supernatant after the cycle 8, implying
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that no enzyme had leaked out during the recycling process and that the activity observed 
resided in the hydrogel.
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Figure 6.6: Recycling of the HA hydrogel containing CALB-loaded polymersomes. Each bar represents one cycle. The numbers on the 
bar indicate the CALB activity in AU m in1. The hydrogel was incubated w ith DiFMU and the increase in fluoresence at Aem = 460 nm 
was measured upon which the hydrogel was washed once w ith M illi-Q and incubated again. This procedure was repeated 8 times. 
The supernatant of cycle 8 was transferred to an empty w ell and tested fo r its activity (sn).
6.2.4 CALB-loaded polymersomes HA hydrogel reactor
The absence of leakage from the polymersomes hydrogel and the recycling of the enzyme- 
loaded polymersomes in the hydrogel, indicated that we could use this architecture in a 
reactor setup. In a subsequent series of experiments a 'continuous-flow enzyme-loaded 
polymersome reactor' was constructed and DiFMU at a concentration of 3.5 |aM was added 
to the top of the reactor and fed through the reactor at a flow rate of 0.1 ml min-1 by the 
working of gravity. The flow-through was collected in a 96-well plate in fractions of 125 |al 
per well and the fluorescence intensity of the product was measured (Figure 6.8). After 
collecting 6 fractions the substrate solution was replaced and Milli-Q was fed through the 
reactor. This process was repeated 5 times. The extent of the conversion was compared to 
that of the free, homogeneous enzyme, by taking a 125 |al sample of the substrate solution 
and incubating this with a CALB solution of high concentration (5 mg ml-1) and measuring the 
fluorescence intensity after 1 hour incubation. This value was taken as 100 %.
The reactor setup clearly demonstrated the feasibility of using the CALB 
polymersomes hydrogels in repetitive cycles of product formation. It also showed that the 
system is very stable, especially when it is realized that no covalent bonds have been used to 
construct it, i.e., neither between the enzyme and the polymersome, nor between the
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polymersomes and the hydrogel. The average yield of product in each fraction was 5.4 %, 
which was not further optimized but can be enhanced by increasing the residence time of 
the substrate in the column (see below). Although the highest conversions were obtained in 
the first 6 fractions (8.2 % average yield with respect to the maximum possible conversion in 
one fraction), leakage of CALB polymersomes from the hydrogel was not expected to have 
occured. These would have caused a much higher fluorescence as a result of ongoing 
product formation in the wells. In addition, during subsequent cycles the activity of the 
reactor did not decrease further (4.9 % average yield). An alternative explanation is 
therefore that the initial flow rate was somewhat lower than the final flow rate, which could 
have increased the conversion, because of the longer residence time of the substrate in the 
hydrogel.
Considering the product formation within each cycle, the general trend is that the 
product yield increases until Milli-Q is added to flush the column. This increase may result 
from the DMSO (used for the dissolution of the substrate), which was shown to increase the 
rate of conversion of substrate in the recycling experiments, probably because it increases 
the pore size of the hydrogel (see Fig 6.7). The same phenomenon seems to have occurred 
when substrate solution was flown through the column.
fraction (n)
Figure 6.7: Conversion of DiFMU, measured by the the fluorescence intensity of the product a t Aem = 460 nm, in a reactor 
constructed from  HA hydrogel containing CALB polymersomes. Fractions of 125 ^ l were collected and the fluorescence intensity was 
measured (grey dots, le ft axis). A fte r 6 fractions the reactor was purged w ith Milli-Q. The black dots show the sum of the 
fluorescence intensities (right axis). For comparison, the fluorescence intensity o f the substrate solution incubated w ith free CALB (FI 
= 3.1 * 105) is shown a t the intersect w ith the rig h t axis (open dot).
To show that the hydrolysis of the substrate was the result of the action of CALB and not of 
spontaneous hydrolysis or autohydrolysis of DiFMU, the hydrogel was fed with the
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irreversible lipase inhibitor diethyl 4-nitrophenyl phosphate (DNP) in a 100:1 excess. Feeding 
the reactor with DiFMU before and after treatment with DNP showed that the enzymatic 
activity had decreased to 30 % of the original value after feeding with the inhibitor, 
demonstrating that the hydrolytic activity in the hydrogel did come from the action of CALB 
(Figure 6.9). Determining, roughly, the amount of p-nitrophenolate that was released by 
measuring its absorbance at X = 420 nm, showed that approximately 10 nmole had been 
liberated. Because the total amount of CALB in the polymersomes in the hydrogel was 
estimated to be 2.4 nmole (Chapter 5) there seemed to be a significant degree of 
autohydrolysis of the inhibitor. Indeed the half life of the phosphate ester is half an hour in 
neutral water. Because some time is needed for the inhibitor to penetrate through the gel it 
seems therefore reasonable to assume that not all CALB has been deactivated by the 
inhibitor, explaining the residual 30 % activity after DNP treatment.
Figure 6.8: A: Conversion of DiFMU by the enzyme-loaded polymersome reactor, before (A: grey dots) and a fte r (A: black dots) 
purging w ith the inh ib ito r DNP. The product was collected at the end of the reactor in a 96-well plate and the fluorescence a t Aem = 
460 nm was measured. The fluorescence intensity o f the free enzyme blank is shown at the intersect w ith the y-axis (FI = 3.1 * 105  
open dot). Also shown, (B), is the variation in absorbance at A = 405 nm (indicating release o f p-nitrophenol) of the fractions 
collected during the feeding of the reactor w ith DNP, M illi-Q  substrate and again Milli-Q. C: The structure of DNP.
6.2.5 Stacked hydrogel containing polymersomes encapsulating different enzymes
The reactor procedure can easily be extended to other substrates and other enzymes as 
well. To demonstrate this, the substrate 2-methoxy phenyl acetate (2-MPA) was dissolved in 
water (1 mM) and fed through the reactor, along with H2O2 (2 mM). The hydrolyzed product, 
2-methoxyphenol, was collected in a well plate and a peroxidase (chloroperoxidase; CPO) 
was added, initiating the formation of tetraguaiacol (3,3'-dimethoxy-4,4'-biphenylquinone; 
Xmax = 470 nm) from 2-methoxy phenol with H2O2 as the oxidant.20, 21 After 10 fractions the 
column was washed with Milli-Q water and the procedure was repeated. Similarly to the
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conversion of DiFMU, the 2-MPA was readily converted by feeding it through the reactor 
(Figure 6.9), with an average yield in each fraction of 11%, compared to the free enzyme 
system. It was observed that the conversion of substrate was more or less constant in each 
fraction within the cycles, in particular when compared to the feeding of DiFMU through the 
reactor, where the product yield increased with each fraction until Milli-Q was added to 
flush the reactor. This is because at the concentration used, 2-MPA dissolves in water 
without the need of DMSO or another co-solvent and the structure of the hydrogel is not 
affected.
In contrast to the feeding of DiFMU, the average absorption of the Milli-Q washings 
(i.e. the baseline) increased with each cycle, from 0.23 % in the first cycle to 0.42 % in the 
fourth cycle. A similar trend was observed for the 2-MPA fractions where the total yield in 
each cycle increased from 102 % in the first cycle to 147 % for the third cycle. This 
phenomenon seems to result from the presence of some substrate or product, which 
accumulates in the hydrogel and is not effectively washed out during the washing cycle and 
is gradually released. The same effect was seen when the absorbance at X = 420 nm was 
monitored during the inhibition of the CALB polymersome hydrogel with DNP (Fig 6.9B). 
After inhibition with DNP the addition of Milli-Q water caused an initial sudden increase of 
the absorbance from 0.059 to 0.070 (between fraction 9 and 10), which is most likely the 
result of the release of accumulated p-nitrophenolate.
Figure 6.9: CPO catalyzed form ation of tetraguaiacol (Amax = 470 nm) from  2-methoxyphenol, formed from  2MPA by feeding it 
through a HA hydrogel containing CALB polymersomes and collecting it  in a 96-well plate. The product was collected in fractions of 
125 ^ l (grey dots, le ft axis). A fte r 10 fractions the reactor was purged w ith M illi-Q a fte r which the procedure was repeated. The 
black dots show the sum o f the absorbances (right axis). The open circle at the intersect o f the rig h t axis shows the absorbance of 
the substrate solution a fte r incubation w ith the free enzymes.
Finally, in order to be able to perform multiple enzymatic transformations, the feasibility of 
stacking two hydrogels, each containing polymersomes encapsulating different enzymes was
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studied (Figure 6.10A). To this end, glucose oxidase (GOx), which catalyzes the oxidation of 
glucose to gluconolactone, giving H2O2 as by-product, was encapsulated in the 
polymersomes and the dispersion was gelated following the protocol described above. The 
hydrogel was placed directly on the CALB polymersome hydrogel. A solution of glucose (2 
mM) and 2-MPA (1 mM) was fed through the reactor, which was collected in a well-plate 
and detected by CPO. If successful, such a reactor can be provided with another hydrogel 
containing CPO polymersomes. The reactor was continuously fed for a prolonged period of 
time without intermediate washings with Milli-Q and it was observed that the rate of 
product formation was fairly constant over the applied period of time (Figure 6.10 B). With 
the objective of taking this set-up to its limit, a larger volume of substrate was fed through 
the reactor, i.e., 2 cycles of 6 ml each, and the product was collected in cuvettes to directly 
quantify the product produced in the reactor by measuring its absorption at X = 470 nm 
(Figure 6.10 C). Compared to the maximum yield realized by the enzymes in free solution at 
the same concentration of substrate and oxidant (7.5 nmole after 20 minutes), the 
conversion in the reactor was 36.9 % for each fraction. This is significantly higher than the 
yields obtained with DiFMU or 2-MPA and H2O2, and may be explained by the fact that the 
elution rate in the column was slower, which increased the residence time of the substrate 
in the column and hence the amount of substrate converted. However, when the amount of 
produced product was measured by its absorption (s470 = 26600 M-1),20 the yield of the 
reaction compared to the amount of substrate flown through was a mere 0.5 %. This low 
efficiency however is not the result of the ineffectiveness of the reactor but rather the result 
of the low yield of the cascade reaction itself.
Figure 6.10: A: CPO catalyzed form ation of tetraguaiacol formed from  2-methoxyphenol and H2O2, that were obtained from  2MPA 
and glucose respectively, by feeding these substrates through the stacked HA hydrogels containing GOx and CALB. B: Shown are the 
absorbance o f the product fractions collected in a 96-well plate and, C:, the yield (nmole) from  product fractions o f larger volume 
determ ined in 1 m l cuvettes. The dashed line indicates the absorbance level of the substrate solution a fte r incubation w ith the free  
3 enzyme system.
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In a last series of experiments the stacked enzyme loaded polymersome hydrogels of CALB 
and GOx were expanded with a hydrogel loaded with CPO polymersomes. Feeding the 
reactor with the same mixture as described above, unfortunately, did not lead to product 
formation. Variation of the thickness of the CPO polymersome hydrogel to increase the 
residence time of the products to be converted did not change this. Most likely, this negative 
result is related to the kinetics of the 3 enzyme cascade reaction. The residence time of the 
2-MPA should be sufficiently long for (final) product formation to occur, as a lag time is 
observed in the one-pot reaction (Chapter 5). Furthermore, it may be necessary for CPO to 
be permanently present in the reaction mixture to drive the reaction to product formation. 
Integrating the CPO into the reactor removes it from the reaction mixture and, 
consequently, makes it ineffective.
6.3 Conclusion
In this study we have presented a proof-of-principle for an enzyme-loaded polymersome 
continuous-flow reactor, which is based on the immobilization of functional polymersomes 
in a HA hydrogel carrier. The reactor can be used for multiple cycles of product formation, 
which was demonstrated for the conversion of DiFMU-octanoate and for 2-methoxy phenyl 
acetate (2-MPA) by CALB. The stability of the reactor, which can be operated in multiple 
cycles of product formation, is largely due to the efficient trapping of the enzymes in the 
polymersomes, when compared to free enzymes, which progressively leak out over time. 
The set-up allows one to carry out tandem or cascade reactions, viz., by stacking hydrogels 
that contain polymersomes encapsulating different enzymes. Thus, HA hydrogels with CALB 
and GOx-loaded polymersomes were stacked and the substrates 2-MPA and glucose were 
fed through the reactor. The products, H2O2 and 2-methoxyphenol were identified after 
collection by converting them to the strongly absorbing 3,3'-dimethoxy-4,4'-biphenylquinone 
with the help of the enzyme chloroperoxidase.
6.4 Materials & Procedures
6.4.1 Chemicals
Hyaluronic acid sodium salt (streptococcus equi; MW = 1.4 -  1.6 mDa)22, was bought from 
Sigma-Aldrich (BioChemika). Candida antarctica lipase B (E.C. 3.1.1.3; 1.0 U mg-1), glucose 
oxidase (E.C. 1.1.3.4; 200 U mg-1) from Aspergillus niger and chloroperoxidase (E.C.
1.11.1.10; 22371 U ml-1) from Caldariomyces fumago were bought from Sigma Aldrich 
(Biochemicka). 1-Amino-3,6,9-tri-oxaundecan-11-azide (ATA), propargylamine (PA), N-(3-
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Dimethylaminopropyl)-W'-ethylcarbodiimide (EDC), W-hydroxysuccinimide (NHS), MES (2-(N- 
morpholino)ethanesulfonic acid), CuSO4, ascorbic acid, diethyl 4-nitro phenyl phosphate, 2- 
methoxyphenyl acetate (2-MPA), H2O2 and a-D-glucose were bought from Sigma-Aldrich. 
Alexa fluor 633 succinimidyl ester and 6,8-difluoro-4-methylumbelliferyl (DiFMU) octanoate 
were bought from Molecular Probes (Invitrogen).
6.4.2 Instrumentation
IR spectra were acquired with a Bruker Tensor 27 FT-IR spectrometer. Fluorescence was 
measured in a 50 |al fluorescence cuvette (Hellma) using a Perkin Elmer Luminescence 
Spectrometer LS50B or in a 96-well plate on a Wallac Victor 1420 multilabel counter. UV was 
performed either on a Varian Cary 50 UV-Vis spectrophotometer or in a 96-well plate on the 
same Wallac Victor 1420 multilabel counter. For transmission electron microscopy (TEM) 
imaging a JEOL JEM-1010 was used. Hydrogel samples for TEM were prepared by applying a 
small piece on a carbon-coated copper grid (Electron Microscopy Sciences, Hatfield, PA) and 
drying under a stream of Argon for half an hour. No coating or staining was applied. CFM 
was carried out with a set-up reported previously.23
6.4.3 Procedures
The hyaluronic acid was functionalized following a modification of a procedure published in 
the literature.17 The polysaccharide was dissolved in MES-buffer (pH = 5.2 , 0.1 M) to a 
concentration of 4.0 mg ml-1, by heating the solution close to boiling overnight. After 
cooling, EDC and NHS were added followed by the respective amine, after which the solution 
pH was brought back to 5.2 by the addition of HCl. The solution was allowed to stand 24 
hours during which the pH dropped to pH = 3. Then, the solution was transferred to a 10K 
MWCO dialysis tube and dialyzed for 4 x 24 h against 0.1 M NaCl (1x) and distilled water (3x). 
CPO was labeled with alexa-663 succinimidyl ester (molecular probes) following the 
procedure supplied with the labeling kit. PS-PIAT was synthesized as reported previously.24
A typical preparation for an enzyme-loaded hydrogel was conducted as follows: 200 
|al of a 2.5 mg ml-1 stock solution of CALB in Milli-Q water was diluted to 2.5 ml and 0.5 ml of 
a 1.0 mg ml-1 PS-PIAT solution in THF was slowly added. The solution was incubated 
overnight and filtered 8 times to nearly dryness over a 100 MWCO Amicon ultra-free MC 
centrifugal filter (Millipore), while after each filtration step the sample was redispersed to 
the original volume. The eventual volume of the polymersomes dispersion was brought back 
to 1.0 ml and was added to 4.0 mg of HA-ATA and 4.0 mg of HA-PA (6 |aM in total). After 8-10 
h and occasional agitation complete dissolution of the polysaccharide had occurred. Gelation 
was induced by the addition of 10 |al of a solution containing 12.5 mg ml-1 CuSO4 (2 mM) and
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35 mg ml-1 ascorbic acid (4 mM) to 0.5 ml of the 1:1 solution of HA-ATA and HA-PA in Milli-Q, 
and occurred typically within 2-3 minutes as was observed by inversing the test tube. The 
solution was left for 12 hrs, the supernatant fluid on top was removed, and the gel was 
incubated for 48 h with Milli-Q. The supernatant solution was refreshed every 8 hours. This 
resulted in a clear gel.
The leakage experiments and the recycling of the hydrogel were performed as 
described in the text. The enzyme concentration in the polymersomes was equal to the 
concentration of the free enzyme. For CALB this was estimated to be 0.2 mg ml-1, for CPO 
the concentrations were equalized by their fluorescence and was approximately 0.5 mg ml-1. 
For assaying CALB activity a 20 |aM solution of DiFMU was used that was prepared by the 
addition of 2 |al of DiFMU stock (1 mM; ) to 100 |al of Milli-Q. The rhodamine-functionalized 
CPO was prepared as described elsewhere.2
For the construction of the reactor the hydrogel containing the polymersomes was 
gently loaded into a 6 ml filtration column (pore size 20 |aM, Biotage). Further experimental 
details are detailed in the text.
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7 Polymersome nanoreactors for enzymatic*ring opening polymerization
Polystyrene-polyisocyanopeptide (PS-PIAT) polymersomes containing CALB at two 
different locations; either in the aqueous inner compartment or in the bilayer, were 
investigated for the enzymatic ring-opening polymerization (eROP) of lactones in water. It 
is shown that the monomers 8-octanolactone and dodecalactone yield oligomers with this 
catalytic polymersome system. It was observed that the polymerization activity depends 
on the position of the enzyme in the polymersome. SEM investigations showed that the 
polymersomes become destabilized during the polymerization reaction. Further 
investigations showed that the vesicular morphology of the polymersomes is only 
destabilized when polymer product formation occurs.
7.1 Introduction
In recent years, in vitro enzymatic polymerization has been receiving much attention as a 
selective and mild alternative route to polymer synthesis.1 In particular enzymatic ring- 
opening polymerization (eROP) of lactones catalyzed by lipases to give high molecular 
weight polyesters has been extensively studied by several groups.2-6 In most cases, the lipase 
B of Candida antarctica (CALB) immobilized on an acrylic resin (Novozyme 435) was used. 
Lipase-catalyzed polymerization as well as esterification and trans-esterification have been 
performed in organic solvents, since hydrolysis will be the preferential reaction in the 
presence of water.7 To our knowledge, there are only a few reports in the literature that 
describe the eROP of lactones in aqueous medium.8, 9
In nature, living organisms are constantly producing different biomacromolecules in 
an aqueous environment. These compounds, such as polynucleotides and proteins, are 
essential for the survival of the species.1 Living organisms are capable of performing these 
complex biocatalytic polymerizations in a very efficient and selective manner. In order to 
*
This chapter was published in Biomacromolecules, 2007, 8, 3723
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achieve this, nature applies the concept of compartmentalization. Using this concept, multi­
step reactions are performed in specific environments within the cell.
In the last decade, the self-assembly of synthetic block copolymers into vesicular 
compartments - also known as polymersomes - has attracted increased attention.10, 11 In our 
laboratories we have developed polystyrene-polyisocyanopeptide (PS-PIAT) block 
copolymers (Figure 7.1 and Scheme 7.1) which were shown to form stable polymersomes.12 
Both in the aqueous core and in the bilayer of these aggregates, enzymes have been 
incorporated.13 The encapsulated enzymes were shown to have retained their catalytic 
activity, and as a result of the porous structure of the PS-PIAT polymersome, substrate and 
product were found to be able to freely diffuse in and out of the inner aqueous 
compartment.
In order to mimic naturally occurring enzymatic polymerization reactions using the 
concept of compartmentalization, we decided to study the ability of these enzyme-filled 
polymersomes to synthesize polymers and oligomers. In this chapter, we present for the first 
time eROP in polymersomes under aqueous conditions.8, 14 Although these conditions 
normally would favor hydrolysis of the lactone into the hydroxy acid, we anticipated that 
compartmentalization of CALB would change the polymerization characteristics and, 
possibly, result in an equilibrium shift towards polymer or oligomer formation. To test this, 
we have incorporated CALB in the bilayer and in the aqueous core of PS-PIAT polymersomes 
and have investigated the effect of the position of the enzyme in either the hydrophobic or 
aqueous environment on lactone ring opening polymerization (Figure 7.1). The importance 
of the lactone ring-size, and hence its polarity, was investigated by studying the two polar 
compounds £-caprolactone (CL) and the polar cyclic diester 4,7,10-tetraoxacyclotetradecane-
11,14-dione (TCDD), the medium polar 8-octanolactone (OL) and the apolar 12- 
dodecanolactone (DDL) (Scheme 7.1).
Figure 7.1: Schematic representation o f enzymatic polymerization in polymersomes, w ith CALB embedded in the aqeuous in te rio r 
(A) or in the bilayer (B).
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CL OL DDL TCDD
Scheme 7.1: Chemical structures of PS-PIATand the lactone monomers
7.2 Results and discussion
7.2.1 Characterization of PS-PIAT polymersomes containing CALB
The procedure for encapsulation of enzymes in PS-PIAT polymersomes is well established. 
Following our previously described protocols (see the experimental section),13 CALB was 
encapsulated in PS-PIAT polymersomes at two different locations: in the aqueous core of the 
polymersome, or in its bilayers. In order to encapsulate CALB in the aqueous core of the 
polymersomes, the PS-PIAT dissolved in THF was injected into the aqueous enzyme solution. 
In order to immobilize the CALB in the bilayer of the polymersomes, the solution of PS-PIAT 
in THF was mixed with the enzyme solution and lyophilized. This lyophilized mixture was 
then redissolved in THF and injected into Milli-Q. In the aqueous core, the enzymes remain 
in their natural aqueous environment, whereas in the bilayer they are immobilized in more 
hydrophobic surroundings. The enzyme-containing polymersomes were visualized by 
transmission (TEM) and scanning (SEM) electron microscopy. Representative SEM and TEM 
images for CALB in the water pool of the polymersomes and CALB in the bilayer are given in 
Figures 7.2 A & C and Figures 7.2 B & D, respectively. The particle size distribution of the 
former aggregates, as judged by electron microscopy, was more monodisperse than the 
particle size distribution of the aggregates in which CALB was embedded in the bilayer. The 
latter polymersomes were also slightly larger in diameter.15 These differences in size are a 
result of the presence of the enzyme in the bilayer. It is known that there are several factors 
that influence the self-assembly behavior and morphology of these polymersomes,16 and the 
effect of the inclusion of proteins on the polymersome morphology has been observed
before.15
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Figure 7.2: TEM image of PS-PIAT polymersomes w ith CALB in the aqueous core of the polymersomes (A), o r in the bilayer of 
polymersomes (B). SEM image of PS-PIAT polymersomes w ith CALB in the aqueous core (C), or o f CALB in the b ilayer (D). Bars 
correspond to 2 ^ m.
7.2.2 Activity of CALB in the polymersomes
In order to evaluate the activity of CALB after encapsulation in the polymersomes, the 
hydrolysis of DiFMU octanoate into the fluorescent DiFMU product (A,ex: 355 nm/ A,em: 460 
nm) was investigated (Figure 7.3A).12 It is evident that the enzymes inside the polymersomes 
are active. In order to exclude the possibility that this activity originated from non­
encapsulated enzyme, as a control, filtrates after eight times washing were also measured 
for their DiFMU conversion activity. It was observed that in this case no hydrolysis of DiFMU 
octanoate took place. As reported earlier, we may conclude therefore that DiFMU is only 
converted by the presence of CALB encapsulated inside the polymersomes or in the 
membrane.15 To compare the DiFMU conversion activities of free enzyme with the enzyme 
encapsulated inside the polymersomes, a ten times diluted solution of CALB (initial 
concentration: 0.16 mg ml-1) was prepared based on estimations of our previously published 
report.13
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Figure 7.3: A: DiFMU conversion by CALB entrapped in the aqueous core o f PS-PIAT polymersomes (m), and CALB in the bilayer of 
the polymersomes (•). The DiFMU conversion by free CALB is shown as well (▲). B: DiFMU conversion by CALB before (•), and after 
lyophilization, (m), o f a 20 % THF in water solution.
Figure 7.3 shows that there is a clear difference in activity when CALB is located at the two 
different positions in the polymersomes, with CALB in the water pool being more active 
(comparable with free CALB) than CALB in the bilayer, although the same initial 
concentrations of CALB were used for encapsulation. This difference may have several 
reasons. It could be that the amount of enzyme trapped in the water pool is higher than the 
amount encapsulated in the bilayer. This seems to be unlikely, since the procedure for 
encapsulating CALB in the bilayer should even result in a higher encapsulation efficiency. 
Another explanation might be that the re-suspension of the lyophilized product in THF 
compromises the stability of the enzyme and therefore its activity.17 To investigate the effect 
of THF and lyophilization, 1.0 ml of THF was added to 0.20 ml of enzyme solution, followed 
by lyophilization. After lyophilization, this mixture was re-suspended in water and the 
activity of the enzyme was compared with the enzyme before lyophilizing. No difference was 
observed between the rates of DiFMU conversion (Figure 7.3B).
7.2.3 Enzymatic polymerization in CALB containing polymersomes
The screening of the four different monomers, £-caprolactone (CL), 1,4,7,10- 
tetraoxacyclotetradecane-11,14-dione (TCDD), 8-octanolactone (OL), and 12- 
dodecanolactone (DDL) for eROP by CALB in the polymersomes was performed at room 
temperature. CL and TCDD did not yield any polymer and these monomers were, therefore, 
not investigated further. This result suggests that lipase catalyzed polymerization of lactone 
monomers is only favorable for monomers that have a certain hydrophobicity, as reported 
earlier.9 In the case of OL and DDL polymerization was observed. Monomers were added to
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three different samples i) polymersomes with CALB in their inner aqueous compartment ii) 
polymersomes with CALB in their bilayers iii) CALB in Milli-Q water. Experiments were 
performed in such a way that equal amounts of monomers were weighed into different glass 
tubes together with 0.5 ml aliquots of polymersome suspensions containing CALB at 
different positions, or with 0.5 ml of CALB (0.16 mg ml-1) in water.
8 10 12 « 10 12 8 10 12 
Tima (mini Tim® (mln) Tim» <min)
Figure 7.4: GPC profiles o f the polymers formed by enzymatic polymerization o f OL w ith CALB containing polymersomes in water, 
afte r 1, 3 and 6 days of reaction. A: Poly (OL) formed by CALB present in the bilayer o f polymersomes. B: Poly (OL) formed by CALB 
entrapped in the aqueous compartment of the polymersomes. C: Poly (OL) formed by CALB in water.
The reaction was stopped by adding chloroform to the mixture after fixed periods of time, 
and the polymer products were extracted. The obtained solution was dried under nitrogen 
and re-dissolved in 1 ml of chloroform, after which 20 |al was injected into a GPC to analyze 
the polymer product formation. The molecular weights of the obtained polymers were 
calculated based on calibration with polystyrene standards and are shown in Figure 7.4 for 
OL and in Figure 7.5 for DDL. The molecular weights are summarized in Table 7.1. To follow 
the rate of polymer product formation, experiments were performed for 6 days and samples 
were taken after day 1 and after day 3. In all cases, the formation of oligomers was 
observed. However, there was a difference between the molecular weight of the poly-(OL) 
obtained from the different experiments. Interestingly, the GPC profiles and the molecular 
weight distribution of the polymers formed after 6 days from the OL monomer by the 
enzyme present in the inner aqueous compartment of the polymersomes and in bulk water 
was similar (compare Figure 7.4B & C, Table 7.1, entries 1 and 3). In the case of the 
polymerization reaction using the enzyme in the bilayer, lower molecular weight products of 
poly-(OL) were obtained (Figure 7.4A, Table 7.1, entry 2). For DDL, all polymerization 
experiments gave products of similar molecular weight distributions after day 1, day 3, and 
day 6 (Figure 7.6, Table 7.1, entries 4-6). It should be noted that precipitation of the 
oligomeric product occurred during polymerization of DDL.
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Figure 7.5: GPC profiles o f the polymers formed by enzymatic polymerization of DDL w ith CALB containing polymersomes in water, 
afte r 1, 3 and 6 days of reaction. A: Poly (DDL) form ed by CALB present in the b ilayer o f the polymersomes. B: Poly-(DDL) formed by 
CALB entrapped in the aqueous compartment o f the polymersomes. C: Poly-(DDL) formed by CALB in water.
Table 7.1: M olecular weight distributions of the polymers formed by enzymatic polymerization o f lactones w ith polymersomes 
containing CALB, or CALB in water. A ll molecular weights were determ ined by GPC based on polystyrene standards.
Entry Monomer Location CALB Molecular weight
Day 1 Day 3 Day 6
1 OL Aqueous core 242 -  897 261 -  1212 266 -  2701
2 OL Bilayer
*
245 -  917 256 -  917
3 OL Free in solution 261 -  1226 264 - 3303 247 -  3303
4 DDL Aqueous core 465 -  1143 475 - 1143 495 -  1143
5 DDL Bilayer 460 -  1143 475 - 1156 495 -  1156
6 DDL Free in solution 460 -  1143 475 - 1156 490 -  1143
* Not determined
In order to assess the exact molecular weight distribution, fractionated samples of poly-(OL) 
and poly-(DDL) obtained after 6 days of polymerization were isolated by means of 
preparative GPC and analyzed by MALDI-ToF mass spectrometry (Figure 7.6A - C). The mass 
spectrometry results confirmed the previous observations made by GPC that the molecular 
weight distributions of poly-(OL) obtained by eROP with CALB in the inner aqueous 
compartment of the polymersomes and that obtained in water are similar and that CALB 
embedded in the bilayer yields polymer with a lower molecular weight. In the case of poly 
(DDL), MALDI-ToF mass spectra showed similar molecular weight distributions for polymers 
prepared by CALB polymersomes or CALB present in water (7.6 D-F).
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Figure 7.6: A-C: MALDI-ToF mass spectra of poly (OL) form ation catalyzed by CALB after 6 days o f reaction. The location o f the 
enzyme (aqueous core, bilayer, free in solution) is shown schematically on the left. D-F: MALDI-ToF mass spectra of poly (DDL) 
synthesis catalyzed by CALB.
E
In contrast to a previously published report,9 our results show that OL can be polymerized by 
a lipase in an aqueous medium. The DDL polymerization results, however, are in agreement 
with this report.9 This discrepancy may be explained by the fact that the polymerization 
behavior of OL is greatly dependent on the origin of the lipase.9 Our results furthermore 
indicate that CALB in the water pool of a polymersome behaves similarly as CALB in water, 
which means that the encapsulated enzyme is freely accessible and is not hindered by the 
polymeric shell. In the case of CALB encapsulated in the bilayer only lower molecular weight 
oligoesters are obtained, which may be caused by a decreased accessibility of the active site 
of the enzyme for longer oligomeric species.
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The reason that this effect is not observed for the polymerization of DDL may be that 
precipitation of the polymer occurred. In this case the molecular weight is determined by 
the lack of solubility of the polymer and hence the inability of the growing species to react 
beyond a certain molecular weight. The formation of poly-(DDL) with a constant molecular 
weight is in agreement with earlier reported polymerizations of DDL carried out in bulk at 45 
°C.9
7.2.4 Morphology of the polymersomes during enzymatic polymerization
Enzymatic polymerization in aqueous solutions has been performed at temperatures of 45 
°C or above to increase the solubility of the components of the reaction and to maintain low 
viscosity.8, 9 We performed the enzymatic polymerizations at room temperature in order to 
avoid any deformation of the polymersomes as a result of high temperature. From the GPC 
profile of poly (OL) (Figure 7.4B), it is evident that a significant increase in product formation 
was observed for CALB present in the inner aqueous compartment of the polymersomes 
after three days. This increase indicates that the monomer has easy access to the enzyme, 
which could result from the leakage of enzymes from the polymersomes. This observation 
prompted us to investigate the morphology of the polymersomes during the enzymatic ring- 
opening polymerization in more detail, by taking samples from the crude reaction mixture 
and studying the aggregates by SEM. Figure 7.7 shows SEM images of PS-PIAT polymersomes 
with CALB in the inner aqueous compartment and in the membrane, before and during 
enzymatic polymerization. We observed that the polymersomes containing CALB were 
destabilized during the enzymatic polymerization of OL and DDL. In the case of OL the 
morphological changes were observed after 3 days while the polymersomes were 
completely deformed after day 6 (Figure 7.7A-F). In the case of DDL the polymersomes were 
destabilized completely already after 3 days of enzymatic polymerization (Figure 7.7G-L). 
Importantly, no significant increase, upon deformation of the polymersomes in product 
formation was observed in the case of OL with CALB embedded in the polymersome 
membrane (compare Figure 7.4A and Figure 7.7D-E), which suggested that CALB remains 
trapped in the polymer membrane.
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Figure 7.7: A-F: SEM images of PS-PIATpolymersomes w ith CALB before (day 0) and during (day 3 and 6) eROP of OL. The position 
of the CALB is shown schematically on top of the picture. Bars measure 1 ^m (A, B, D, E) and 10 ^m (C, F). G-L: SEM images o f DDL 
polymerization before (day 0) and during (day 3 and 6) eROP. Bars measure 500 nm (G), 1 ^m (J) and 10 ^ m (H, I, K, L).
One possible explanation for the destabilization of the polymersomes, which are generally 
regarded as being tough,19, 20 is that the oligoester formed during the enzymatic 
polymerization plasticizes the bilayer of polymersomes. It has been reported before that 
short oligoesters condense in the presence of surfactants to form polyester particles.8 In 
order to investigate this possibility, polymerization experiments were performed in which 
monomers (CL, OL and DDL) were added to an aqueous CALB solution also containing empty
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PS-PIAT polymersomes. The polymerization time was kept the same as for the enzymatic 
polymerization inside the polymersomes. Figure 7.8 shows SEM images of the empty 
polymersomes after 6 days of enzymatic polymerization in solution. For the non-reactive 
monomer (CL), the vesicular morphology of the polymersomes was still present, but for the 
reactive monomers (OL, DDL) the vesicular morphology of the polymersomes had changed 
markedly.
Figure 7.8: A: Morphology changes o f empty polymersomes after 6 days of enzymatic polymerization in the bulk volume of non­
reactive monomer CL (A; bar = 1 ^m), w ith monomer OL (B; bar = 5 ^ m), w ith monomer DDL (C; bar = 5 ^ m).
In addition, control experiments were performed which involving the addition of OL or DDL 
monomers to polymersomes encapsulating the non-reactive bovine serum albumin (BSA). 
According to the SEM images of samples containing OL, the polymersomes were not fused 
but in the case of DDL polymersomes were fused together (Figure 7.9A & B). This fusion of 
polymersomes might be due to the high hydrophobicity of DDL. Overall, however, the 
destabilization of polymersomes as a result of the process of enzymatic polymerization is 
significantly more pronounced than the destabilizing effect of the addition of the monomer 
itself.
Figure 7.9: A: SEM image of polymersomes containing BSA a fte r one day of incubation w ith OL monomer. B: Idem w ith DDL 
monomer.
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7.3 Conclusion
In this chapter, the enzymatic ring opening polymerization of a series of lactones catalyzed 
by CALB encapsulated in either the water pool or the bilayer of PS-PIAT polymersomes was 
studied. It was demonstrated that oligomer formation was possible for the monomers 8- 
octanolactone and dodecalactone. Depending on the position of the enzyme in the 
polymersome, differences in polymerization activity were observed. Whereas the enzyme 
entrapped in the water pool showed similar reactivity as the free enzyme in aqueous 
solution, the enzyme located in the bilayer was sterically less accessible and produced 
shorter oligoester fragments. SEM investigation of the polymersomes before and during the 
course of enzymatic polymerization showed that the formed oligoesters caused 
destabilization of the vesicular structure of the aggregates.
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7.5 Experimental
7.5.1 Materials
Candida antarctica Lipase (CALB) was purchased from Fluka. Polystyrene- 
polyisocyanopeptide (PS-PIAT) di-block copolymer was synthesized as described 
previously.12 6,8-Difluoro-4-methylumbelliferyl (DiFMU) octanoate was purchased from 
Molecular Probes. The monomers 1,4,7,10-tetraoxacyclotetradecane-11,14-dione (TCDD) 
and 8-octanolactone (OL) were synthesized according to previously published methods.14, 21 
£-Caprolactone (CL) and 12-dodecanolactone (DDL) were purchased from Aldrich.
7.5.2 Analytical methods
Analysis of the polymer samples was carried out by gel permeation chromatography (GPC) 
using a Shimadzu apparatus with a refractive index (RI) detector. The samples were dissolved 
in chloroform and injected onto a RESIPORE column with a flow rate of 1.0 ml min-
1.Calibration was performed with polystyrene standards.
MALDI-ToF mass spectra were recorded with an Applied Biosystems Voyager System 
6020 both in linear and reflector modes. In order to remove the monomer present in the 
samples, a preparative GPC purification was carried out using the same set-up as described 
above. The GPC system was flushed thoroughly with fresh chloroform before injecting the
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samples. For fractionating of the samples, an eluent flow rate of 1.0 ml min-1 was 
maintained. The samples were collected after the RI detector. The elution volume (~ 2.5 ml) 
was collected in a vial from the appearance of polymer peak till the beginning of monomer 
peak. The fractionated samples were further concentrated to ~ 0.2 ml by drying with Helium. 
a-Cyano-4-hydroxycinnamic acid was used as the matrix.22
Fluorescent product formation from DiFMU octanoate (A,ex: 355 nm/ A,em: 460 nm) 
was measured using a Wallac Victor 1420 Multilabel Counter.
For TEM and SEM imaging a JEOL JEM-1010 and a JEOL JSM-6630F instrument were 
used respectively. Samples for TEM were prepared by drying a drop of the polymersome 
suspension on a carbon-coated copper grid and blotting away the excess liquid with a filter 
paper. SEM samples were prepared in the same manner, but the sample was coated by 
sputtering a 1.5 nm layer of Pd/Au with a Cressington 208 HR Sputter coater fitted with a 
Cressington thickness controller.
7.5.3 Encapsulation of CALB in PS-PIAT polymersomes
For encapsulating enzymes inside the polymersomes, the following procedure was followed:
0.5 ml of a solution of 1 mg ml-1 PS-PIAT in THF was added dropwise to a solution of 2.5 ml of 
CALB (final concentration 0.16 mg ml-1) in Milli-Q. After 28 hrs of equilibration the 
suspension was filtered 8 times over amicon Ultra Free-MC centrifugal filters (0.1 ^m pore- 
size) to remove the non-encapsulated enzymes. After filtration, the suspension of PS-PIAT 
polymersomes was adjusted back to 3 ml with Milli-Q.
For encapsulating enzymes in the bilayer of the polymersomes, the following 
procedure was followed: 1 ml of a solution of 1 mg ml-1 PS-PIAT in THF was added to a 
solution of 0.2 ml of 2.5 mg ml-1 CALB in Milli-Q. The above mixture was lyophilized in a 
vacuum lyophilizer. The lyophilized product was re-suspended in 0.5 ml of THF and added 
dropwise to 2.5 ml of Milli-Q. After equilibrating the mixture for 5 hrs, the non-encapsulated 
enzymes were removed as described above, and the suspension of PS-PIAT polymersomes 
was adjusted back to 3 ml with Milli-Q.
The structure of the polymersomes with CALB encapsulated in the inner aqueous 
compartment and in the bilayer was established by SEM and TEM.
7.5.4 Characterization of enzyme encapsulated PS-PIAT polymersomes
DiFMU octanoate was used as a substrate to assess the esterase activity of CALB inside 
polymersomes.12 In a typical reaction assay, 100 |al of PS-PIAT polymersome suspension with 
and without CALB was taken and 2 |al of a 1 mM DiFMU octanoate stock solution in DMSO 
was added. The reaction assays were performed in a 96 well plate. Fluorescence product
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formation after hydrolysis was monitored (Xex: 355 nm A em: 460 nm). The assay was 
performed for both CALB encapsulated in the aqueous core and in the bilayer of 
polymersomes.
7.5.5 Ring opening polymerization of lactones with CALB polymersomes
8-Octanolactone (48 mg, 0.37 mmol) and 0.5 ml of polymersome solution were added into a 
glass tube which was closed with a stopper. Similar reaction mixtures were made with 12- 
dodecanolactone (52 mg, 0.24 mmol), £-caprolactone (55 mg, 0.46 mmol) and 1,4,7,10- 
tetraoxacyclotetradecane-11,14-dione (TCDD) (42 mg, 0.181 mmol). Control reactions were 
performed using CALB dissolved in Milli-Q. The reaction mixtures were kept at room 
temperature and the reactions were allowed to proceed for 1, 3, and 6 days. For extracting 
the polymer, 1 ml of chloroform containing 0.1 ml of anisole (as an internal standard) was 
added to the reaction mixture, which was shaken well and 0.5 ml of chloroform phase was 
collected. The polymerization product was analyzed by GPC, MALDI-ToF mass spectrometry 
and GC-MS.
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Summary
Nowadays, chemists have successfully employed the synthetic power of enzymes, nature's 
own catalysts, to convert non-natural substrates into synthetically relevant products, an 
active area of research known as biocatalysis. For stabilization and recycling, enzymes are 
often immobilized onto a carrier. The immobilization process, however, in general leads to 
activity loss.
In nature enzymes and enzyme pathways are shielded from interference from non­
ideal external influences by the existence of a semi-permeable membrane. Inspired by this 
concept of compartmentalization chemists have tried to recreate these compartments in a 
controlled manner, with the aim of gently immobilizing enzymes. Traditionally the cell 
membrane has been mimicked by the use of liposomes, which form from lipids that are also 
present in the cellular membranes. Chapter 2 discusses the progress made in enzyme 
immobilization with liposomes and introduces novel systems that have appeared in the past 
decade, such as layer-by-layer (LbL) particles, viruses, and polymersomes. These systems 
address the stability and permeability issues that have limited the application of liposomes. 
Their development is fuelled by the continuous progress in polymer synthesis and the design 
of functional materials by bottom-up assembly, often inspired from nature.
The experimental part of this thesis investigates the immobilization of enzymes into 
the membrane-delineated volumes of vesicles that have been constructed from the diblock 
copolymer polystyrene-bloc^-polyisocyanoalanine(2-thiophene-3-yl-ethyl)amide. Vesicles or 
polymersomes (compare to liposomes) formed from this polymer in aqueous solution are 
permeable to low-molecular weight organic compounds while their stability is high 
compared to liposomes. The first experimental chapter focuses on the synthesis of the 
diblock copolymer polystyrene-b-polyisocyanoalanine(2-thiophene-3-yl-ethyl)amide (PS- 
PIAT). The block copolymer is prepared by the polymerization of the isocyanoalanine onto a 
polystyrene Ni(II) initiator complex, forming the block copolymer. Interestingly, the 
polymerization of the optically pure isocyanoalanine is fast and results in insoluble block 
copolymers. In contrast, polymerization of mixtures of the L-monomer and D-monomer 
proceeds significantly slower and yields block copolymers that are soluble. Studying the self­
assembly behaviour of the soluble block copolymer in aqueous solution, it is found that PS-
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PIAT polymersomes of which the PS-block is prepared by AP are more stable than 
polymersomes of which the PS-block was prepared by ATRP. This probably results from the 
fraction of non-reacted PS in the latter block copolymer preparation.
The encapsulation of chloroperoxidase from Caldariomyces fumago (CPO) in PS-PIAT 
polymersomes is the focus of Chapter 4. CPO is a heme-peroxidase and is unique in its ability 
to catalyze oxygenation reactions which normally involve the input of cofactor-dependent 
enzymes. Application of CPO, however, suffers from rapid deactivation by the presence of 
hydrogen peroxide. Encapsulation could contribute to the stabilization of the enzyme. It is 
demonstrated that, when the encapsulating conditions favor self-assembly of the block 
copolymer, encapsulation of CPO into PS-PIAT polymersomes occurs. The oxidation of two 
substrates by the encapsulated enzyme is studied: i) pyrogallol, a common substrate used to 
assay CPO enzymatic activity and ii) thioanisole which is oxidized exclusively to the R-methyl 
phenyl sulfoxide. The CPO-loaded polymersomes show distinct reactivity towards these 
substrates. While the oxidation of pyrogallol is limited by diffusion of the substrate into the 
polymersome, the rate-limiting step for the oxidation of thioansiole is the turnover by the 
enzyme.
In chapter 5 the use of PS-PIAT polymersomes for enzyme immobilization is extended 
to two enzymes carrying out a cascade reaction (where the product of the first reaction 
serves as the substrate for the second reaction). The last enzyme is chloroperoxidase (CPO) 
and the first enzyme is either Candida antarctica lipase B (CALB) or glucose oxidase (GOx). 
Because of the low residual activity of CPO inside the PS-PIAT polymersomes, CPO is now 
attached covalently to the exterior of the polymersomes, while CALB and GOx are 
encapsulated in the capsules' aqueous interior. The results obtained with the two model 
cascades reactions are compared to the kinetics of the freely dissolved, homogeneous 
system. The specific activity of the encapsulated enzymes (CALB or GOx) seems to be similar 
to that of the freely dissolved, homogeneous, enzyme and shows minimal interference of 
the presence of the membrane. Only when CPO is conjugated to the outside of the enzyme- 
loaded polymersome, a loss in performance of the encapsulated enzyme is observed. The 
kinetics of the two-enzyme cascade reactions show a large difference in the rate of (final) 
product formation, which is due to the fact that, in the least well performing case (CALB- 
CPO), there is an excess hydrogen peroxide present, leading to the suicide deactivation of 
the CPO.
Chapter 6 reports the immobilization of the enzyme-containing polymersomes, 
studied in the previous chapters, into a macromolecular hydrogel. The stability of the
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architecture is demonstrated by the facile recycling of the polymersomes and their use in 
repetitive reaction cycles. A 'continuous-flow polymersome reactor' is constructed in which 
substrate is added to the top of the reactor and product is collected at the bottom. This set­
up allows the use of different enzymes and the processing of multiple substrates, as is 
demonstrated by the conversion of 2-methoxy phenyl acetate to tetraguaiacol in a reactor 
loaded with polymersome hydrogels containing the enzymes CALB and GOx.
The final chapter (Chapter 7) investigates the in-vitro enzymatic polymerization of 
lactones by CALB encapsulated into PS-PIAT polymersomes. As has been shown in previous 
studies, CALB cannot only be immobilized into the polymersomes' interior volume but also in 
the membrane of the polymersomes. The effect of the environment (hydrophobic 
membrane or hydrophilic interior) is investigated for the CALB-catalyzed lactone 
polymerization. It is demonstrated that oligomer formation is possible for the monomers 8- 
octanolactone and dodecalactone for both configurations (membrane or interior). 
Depending on the position of the enzyme in the polymersome, differences in polymerization 
activity are observed. Whereas the enzyme entrapped in the water pool shows similar 
reactivity as the free enzyme in aqueous solution, the enzyme located in the bilayer is 
sterically less accessible and produces shorter oligoester fragments.
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Chemici maken tegenwoordig, met succes, gebruik van de synthetische mogelijkheden van 
enzymen, de katalysatoren van de natuur. Dit veel bestudeerde onderzoeksonderwerp staat 
bekend als biokatalyse. Voor hergebruik en stabilisatie worden enzymen vaak 
geimmobiliseerd op een drager. De immobiliseringsmethode leidt echter vaak tot 
activiteitsverlies.
In de natuur worden enzymen en enzymreactiepaden afgeschermd van externe 
invloeden door de aanwezigheid van een semi-doorlaatbaar membraan. Geinspireerd door 
het principe van compartmentalisering hebben chemici veelvuldig geprobeerd om deze 
membranen na te maken op een gecontroleerde manier. Het traditioneel gebruikte systeem 
was dat van liposomen, die zich vormen uit lipiden die ook aanwezig zijn in het 
celmembraan. Hoofdstuk 2 bespreekt de vooruitgang die is geboekt in het immobilizeren 
van enzymen in liposomen en introduceert de nieuwere systemen van het laatste 
decennium, zoals layer-by-layer deeltjes (letterlijk laag-over-laag deeltjes), virussen en 
polymeersomes. Deze systemen omzeilen de stabiliteits-, en doorlaatbaarheidsproblemen 
die de toepassing van liposomen bemoeilijkt hebben. Hun ontwikkeling wordt gedreven 
door de voortschrijdende vooruitgang in de polymeersynthese en het ontwerpen van 
functionele materialen door middel van bottom-up synthese (synthese van onderaf aan), 
vaak afgekeken van de natuur.
Het experimentele gedeelte van dit proefschrift behandelt de immobilisatie van 
enzymen in het membraanomspannen volume van vesicles die vervaardigt zijn uit de di- 
blokcopolymeren polystyreen-polyisocyanoalanine(2-thiofeen-3-yl-ethylamide). De vesicles 
of polymeersomen die dit polymeer vormt zijn doorlaatbaar voor organische moleculen van 
laag molecuulgewicht, terwijl hun stabiliteit hoger is. Het eerste experimentele hoofdstuk is 
gericht op de synthese van het diblokcopolymeer en in het bijzonder op de polymerisatie 
van het isocyanioalanine door het Ni(II) initiator complex van polystyreen, dat het 
diblokcopolymeer oplevert. Interessant is de polymerisatie van het optische zuivere 
isocyanoalanine, welke snel verloopt en leidt tot onoplosbare polymeren, waarentegen de 
polymerisatie van gemengd L-, en D monomeer sterk vertraagd is en leidt tot oplosbare 
polymeren. Het zelf-assemblage gedrag van de oplosbare polymer bestudeerd m.b.v.
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turbiditeitsmetingen en DLS (dynamic light scattering; dynamische lichtverstrooiing), laat 
zien dat de PS-PIAT polymersomen waarvan het PS-gedeelte werd gemaakt met anionische 
polymerisatie, stabieler zijn dan die waarvan het PS-gedeelte gemaakt werd door ATRP. 
Waarschijnlijk werd dit veroorzaakt door ongereageerd PS in het laatstgenoemde 
blokcopolymeerpreparaat.
De encapsulering van chloroperoxidase uit Caldariomyces fumago (CPO) in deze 
polymeersomen is het onderwerp van hoofdstuk 4. CPO is een heemperoxidase en is uniek 
omdat het oxygeneringsreacties katalyseert die normaal de inzet vergen van 
cofactorafhankelijke enzymen. De toepassing ervan wordt echter verhinderd door de snelle 
deactivering van het enzyme in de aanwezigheid van waterstofperoxide. Encapsulatie zou 
positief kunnen bijdragen aan de stabiliteit van het enzym. Het wordt aangetoond dat, 
wanneer de omstandigheden bevorderlijk zijn voor het zelfassembleren van het 
blokcopolymeer, het enzyme wordt ingesloten in de PS-PIAT polymeersomen. De oxidatie 
van twee verschillende substraatmoleculen wordt bestudeerd, te weten: pyrogallol, een 
algemeen gebruikt substraat voor het testen van enzymactiviteit en thioansiol dat selectief 
wordt geoxideerd tot het R-metylfenylsulfoxide. Interessant genoeg laat het ge- 
encapsuleerde enzyme een distincte reactiviteit zien ten opzichte van de twee verschillende 
substraten. Terwijl de oxidering van pyrogallol beperkt wordt door zijn verplaatsing over het 
membraan, is de snelheidsbepalende stap van de oxidatie van thioanisole de omzetting van 
het molecuul door het enzyme.
In hoofdstuk 5 wordt het gebruik van PS-PIAT polymeersomen uitgebreid naar twee 
enzymen die een cascadereactie uitvoeren (waar het product van de eerste reactie als 
substraat dient voor de tweede reactie). Het laatste enzyme is chloroperoxidase en het 
eerste enzyme is Candida antarctica lipase B (CALB) of glucose oxidase (GOx). Vanwege de 
lage residuele activiteit van CPO in de PS-PIAT polymersomes wordt CPO nu covalent 
geïmmobiliseerd aan de buitenkant, terwijl CALB en GOx opgenomen worden in het 
waterige binnenste. De resultaten met de twee modelcascades worden vergeleken met de 
kinetiek van het vrij opgeloste, homogene systeem. De specifieke activiteit van de 
geencapsuleerde enzymen (CALB of GOx) blijkt vergelijkbaar met die van de vrij opgeloste 
enzymen, en laat het minieme effect van het membraan zien. Slechts als CPO aan de 
buitenkant van de enzyme-geladen polymeersoom is vastgezet, wordt een verlies in 
activiteit van het geencapsuleerde enzyme waargenomen. De kinetiek van de beide 
modelreacties laat een groot verschil zien in de concentratie van het uiteindelijke product,
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wat het gevolg is, in het minst goed presterende geval, van de overmaat aan 
waterstofperoxide, en leidt tot zelfmoorddeactivatie van chloroperoxidase.
Hoofdstuk 6 rapporteert de immobilizatie van de enzyme-geladen polymeersomen, 
bestudeerd in de vorige hoofdstukken, in een macromoleculaire hydrogel. De stabiliteit van 
de structuur wordt aangetoond door de mogelijkheid om de polymersomen te hergebruiken 
in opeenvolgende reacties. Een continue polymeersoomreactor wordt gemaakt waar 
product wordt toegevoegd aan de bovenkant van de reactor en het product wordt 
opgevangen aan de onderkant. Deze opzet maakt het mogelijk verschillende enzymen te 
gebruiken die meerdere substraten kunnen omzetten, zoals gedemonstreerd wordt met de 
omzetting van 2-methoxyfenylacetaat naar tetraguaiacol in een reactor met polymeersoom 
hydrogelen die de enzymen CALB en GOx bevatten.
Het laatste hoofdstuk (Hoofdstuk 7) onderzoekt de in-vitro enzymatische 
polymerisatie van lactonen door CALB dat is ge-encapsuleerd in PS-PIAT polymeersomen. 
Zoals aangetoond is in eerdere studies kan CALB niet alleen worden geïmmobilizeerd in het 
binnenvolume maar ook in het membraan van de polymeersoom. Het effect van de 
omgeving (hydrofoob membraan of hydrofiel interieur) wordt onderzocht met de CALB 
gekatalyseerde lactonpolymerizatie. Het wordt aangetoond dat oligomeerformatie mogelijk 
is voor de monomeren 8-octanolacton en dodecalacton in beide configuraties. Afhankelijk 
van de positie van het enzym in de polymersoom worden verschillen in reactiviteit 
gevonden. Terwijl het enzym in het waterige binnenvolume gelijke activiteit vertoont met 
het vrij opgeloste enzyme, is het enzyme in de bilaag minder toegankelijk en produceert 
kortere oligoesterfragmenten.
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Bij elk proefschrift hoort een passend dankwoord. De mensen die aan de totstandkoming van dit 
proefschrift hebben bijgedragen, hetzij met medeweten, hetzij zonder, zijn er net zoveel als dat ik in 
de afgelopen jaren ben tegengekomen. Natuurlijk is het percentage daarvan dat structureel heeft 
bijgedragen een stuk lager, wat de lengte van dit anderzijds zeer lange dankwoord aanzienlijk inkort.
Zonder de bijdragen van mijn promotores, Roeland, Jeroen en Isabel, en het vertrouwen dat 
ze schepten in mijn kunnen en in dat van de polymersomes, hoefde ik dit dankwoord niet te 
schrijven. Jullie hebben elk je eigen rol gespeeld tijdens de bijna vier jaar praktisch onderzoek die aan 
dit proefschrift ten grondslag liggen. Jeroen was degene bij wie ik het eerste jaar terecht kon 
binnenlopen (ja, dat kon toen nog) toen ik zelf nog niet geheel bij machte was om te begrijpen wat ik 
nou precies had gemeten en / of gevonden. Ook bij het schrijven van mijn artikelen wist je altijd een 
draai te geven aan het verhaal dat het achteraf bezien dan vaak nog miste. Op het moment dat ik zelf 
wat beter de weg wist in het woud van de wetenschap heb je me tenslotte gewoon mijn gang laten 
gaan. Mijn dank is groot.
Na het eerste jaar, anderhalf jaar, heb ik de overstap gemaakt naar Delft en daar werd ik met 
open armen ontvangen door de groep waarin Isabel assistent professor was. De zakelijkheid van 
Nijmegen verruilde zich met de gezelligheid van Delft, voornamelijk omdat ik nu ook in de stad 
woonde waar ik werkte. Isabel ik wil je danken dat je me hebt opgevangen in de eerste maanden en 
me op weg hebt geholpen met het onderzoek. Het duurde even voor we het CPO getemd hadden 
maar uiteindelijk is er toch een tweetal publicaties uit de samenwerking voortgekomen, die zonder 
de expertise van Delft in de biokatalyse nog in de steigers hadden gestaan. Dank je wel ook voor het 
vertrouwen om me aan te nemen als post-doc in (inmiddels) jouw groep toen de economie de 
grootste krimp vertoonde sinds de tweede wereldoorlog. Ik heb veel respect voor de veerkracht die 
je hebt getoond tijdens de periode dat je ziek was, alleen maar om er met meer energie en 
enthousiasme uit te komen. Roeland, hoewel jij net zo druk was als Jeroen en Isabel tegenwoordig bij 
elkaar, was je, wanneer mogelijk, er altijd bij om de voortgang van mijn proefschrift te bespreken en 
met nieuwe ideeën te komen. Je was nooit te druk om snel even een gesprekje aan te knopen 
wanneer we elkaar tegenkwamen in de lift of op de gang. Dat je verder een man van je woorden 
bent bleek wel toen ik op zondagavondlaat een mail ontving dat je mijn manuscript gecorrigeerd had 
dat je voor die maandag had beloofd te hebben nagekeken. Ik dank je voor jou inzet (en die van 
Desiree) om mij, nog voor ik naar Singapore vertrek, de mogelijkheid te bieden te promoveren. 
Degene die hier zeker nog genoemd moet worden is Alan Rowan. Je zal uiteindelijk niet functioneren
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als mijn promoter maar hebt je geschikt in de rol van voorzitter van de manuscriptie. Vooral in mijn 
eerste jaar ben ik vaak bij je binnen komen lopen om inspiratie en enthousiasme op te te doen en, 
zoals algemeen bekend, zijn die twee woorden jou middle name. Ik wens je veel succes met 
Moleculaire materialen waarvan ik het begin van dichtbij heb mogen meemaken.
Andere mensen van het eerste uur die ik wil bedanken zijn Susan en Bram met wie ik het lab 
deelde en waarvan ik veel heb kunnen leren wat organische chemie betreft, iets was niet verkeerd 
was na zo'n anderhalf jaar geen praktisch werk gedaan te hebben. Na mijn intermezzo in Delft kwam 
ik op de noltevleugel terecht. Hoewel ik toentertijd voornamelijk bezig was om, met spoed, de 
resterende twee hoofdstukken te vervolmaken heb ik toch veel plezier beleefd met de groep steeds 
verder uitdunnende PhDs: Mark, Linda, Nico, Marco, Jasper, Inge, Marta en Erik. Heetika, I enjoyed 
sitting next to you in the office (except when you turned to me with questions about your computer). 
I wish you good luck with combining your career and your kid. De persoon met wie ik over de ins en 
outs van de polymersomes kon praten, evenals over er weinig toedoende dingen, was Stijn. Succes 
met de laatste loodjes. Als je dan toch een Chem Rev artikel moet schrijven als 2e auteur kan het 
maar het best met jou als eerste zijn. Finally the person I am without doubt most indebted to is 
Maddy. Hiring you as a post-doc to work on the polymersomes was the right choice of the 
department. While we were still staring at our polymersomes, hoping they would do something 
funky, you were already juggling with them. It has earned you a decent amount of papers, although 
probably not enough in your eyes. I very much enjoyed our discussions which, over a beer, went 
from science to politics and back to something in between. That you appreciated it as much as I did is 
clear from the effort you took to get me to Singapore. I'm looking forward to a great time.
Mijn dank gaat ook uit naar de mensen die de motor die Nijmegen heet jaar in jaar uit 
gesmeerd laten lopen: Ad Swolfs, Theo, Paul en Peter.
Tijdens mijn intermezzo in Delft, dat uiteindelijk niet echt een intermezzo is gebleken, heb ik veel 
mensen ontmoet die niet alleen op het werkvlak uitermate nuttig waren maar tevens ook op sociaal 
vlak. De grote van de groep en wellicht het grote aantal PhDs vanuit het buitenland zijn daar 
misschien verantwoordelijk voor. Dat de buitenlandse PhDs niet altijd op waarde geschat kunnen 
worden voor ze worden aangenomen, daar kun je goed over praten met de Nederlanders. John en 
Sander, zonder jullie had het een stuk langer geduurd voor ik de frustraties van de typische 
promovendus had kunnen verwerken. Het leed van iemand anders is een goede troost, al had dat 
van jou, John, wel wat minder gekund, vooral ook omdat je niet de eerste de beste bent. Misschien 
scheelt het om te bedenken dat hoewel het Sander een stuk meer voor de wind ging hij net zo 
gefrusteerd rondliep. Sander, om na een diagnose zoals jij die gesteld hebt gekregen binnen je
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vierjarige contract je boekje af te krijgen is niet minder dan noemenswaardig. Het ga je goed bij CLEA 
technologies.
Een paar andere leden van de harde kern waarmee ik met veel plezier heb gevoetbald, zijn 
Jeroen en Remco. Jullie speelden altijd de sterren van de hemel. Jeroen: als de uitvinder van de 
traditie van broodje Leo doe je je afkomst als Limburger eer aan. Succes met je artikel en, daarna, je 
boekje. One person I used to play soccer with I should not forget: Dani. How can I? The time I shared 
the office with you is one to remember for always. Making a CLEA out of CPO is not less challenging 
as putting it in a polymersome. Putting us together in de office was at least part of the solution, if 
only because of the fact that we had a lot to talk about apart from science, from the Arctic monkeys 
to Bokito. I never met a person who put some much effort in making fun of his colleagues. I should 
not forget my other office / labmates: Alexandra, Andrzej, Inga, Seda. Linda hoewel onze 
werkbesonges weinig overlapten ben je toch onontbeerlijk geweest voor het lab, vooral door je 
nimmer aflatende pogingen om van de BOC-groep echt een groep te maken en je immer goed 
humeur. Frank thanks for checking my manuscript. It is a pleasure doing science with you.
Uiteindelijk ben ik het meest verschuldigd aan de mensen die me hebben gemaakt tot wie ik nu ben: 
mijn ouders. Het is vaak voorgekomen dat jullie er meer op gebrand waren dan ik om op het punt te 
komen waar ik nu ben. Hoe moet je iemand bedanken die beter dan jezelf weet wat goed voor je is? 
Toch dank je wel. Liefie: mij tot in de late uurtjes of in het weekend op het lab of aan mijn 
proefschrift laten werken zonder helemaal te begrijpen waar ik mee bezig ben getuigt van veel liefde. 
Vooral omdat je zonder morren, maar met plezier, meevertrekt naar Singapore. Er zit maar een ding 
op en dat is trouwen. Gelukkig zijn we dat tegen de tijd dat ik dit boekje verdedig. Wat me rest te 
bedanken is Balu die zich ongeacht het belang van de passage waar ik mee bezig was op mijn 
toetsenbord wist te wurmen, met rare zinswendingen tot gevolg.
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